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ABSTRACT 
Author: Steve Kertesz Jr. 
Title: A comparison of Pseudo 3-Dimensional Collision Avoidance-Predictor 
Displays for Free Flight 
Institution: Embry-Riddle Aeronautical University 
Degree: Master of Aeronautical Science 
Year: 1998 
This study was the second of two studies to evaluate the use of a pseudo three-
dimensional display to present information about future possible conflicts. The purpose 
of this study was to evaluate variations of a cockpit screen display that transfers relevant 
data to the pilot in a manner which is easy to interpret and to facilitate the possible 
stressful situations that may be encountered due to the proposed free flight environment. 
In the first phase, three display concepts, using three different screen designs were 
compared. In this study, three different displays, all of which used using the space-time 
predictor concept developed in the previous study, were compared for utility and 
acceptability. Eighteen pilots were tested. The results support the Pilot's perspective 
display (from the previous study) as the most effective display for conflict avoidance. 
The results also highlighted some areas of concern that are discussed. 
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CHAPTER I 
INTRODUCTION 
With the current rate of growth in air transportation the skies will become more 
congested as we approach and enter into the next millennium. The estimated rate of 
growth (in total hours flown annually), for U.S. commercial air carriers, is projected to be 
3.9 % annually through 2006 (Kane, 1996). One means of dealing with the increased 
congestion is the restructuring of the national airspace and route structure used in the 
United States of America. This restructuring includes the implementation of a free flight 
type environment (RTCA, 1995). When implemented, pilots will have the freedom to 
create flight plans with routes that best suit their requirements, and be able to alter those 
flight plans on a real-time basis (i.e. during flight). This increased freedom comes with an 
increased responsibility for the pilots to control the separation between aircraft, when 
operating under instrument flight rules (IFR), and in uncontrolled air space. Air traffic 
control (ATC) will be operating on a limited basis compared to the role they currently 
have. A number of safety issues have been raised by the proposed plan. One of which is 
the possibility of conflicts stemming from aircraft operating in a virtually uncontrolled 
environment. Conflicts, for the purposes of this study, refer to a collision or near-miss 
situation. The pilots need an improved collision avoidance display that can take up the 
role abandoned by ATC and warn them of airspace infringements on a real-time basis. 
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The display needs to take into account the three-dimensional operating environment of 
the aircraft with velocity, current vector, and possible deviations to that vector. It must 
also display the information in such a way that is intuitively obvious to the pilot, so it can 
be read and interpreted accurately in a minimal amount of time. 
The Statement of the Problem 
Three display formats have been proposed to relay information to a pilot about 
potentially hazardous flight trajectories, due to conflicting flight paths. This study will 
compare the three displays, using the space-time predictor theory. The study will make a 
comparison of the effect the displays have on reaction time and accuracy of pilots. 
Review of the Literature 
Free Flight 
Definition: The term "Free Flight" is defined by the Federal Aviation 
Administration (1998) as a system that allows pilots to choose their own route and file a 
flight plan that follows the most efficient and economical route (when practical). It will 
also allow pilots of properly equipped aircraft to modify their flight path in real-time. 
"Flight plans would still be constructed by Airline Operations Centers (AOCs) 
and transmitted to ATC, but those flight plans would no longer require approval, 
nor would they constitute a 'contract' between aircraft and the [Air Traffic 
Management] ATM system. 
Today's strategic management of air traffic would give way to tactical 
control, exercised only as required to maintain separation, protect special use 
airspace, and prevent unreasonable concentrations of traffic." (Billings, 1998, 
p.19) 
Free Flight, in civil aviation, is a relatively new concept (introduced by 
International Air Traffic Association, 1994 and RTCA, 1995) that is being led by airlines, 
industry, and government agencies. In a report submitted to President Clinton, by the 
White House Commission on Aviation Safety and Security on February 12, 1997, some 
very bold recommendations were made that will challenge the aviation community well 
into the next century. The White House Commission suggested that government agencies 
and private industry should work together and establish a national goal to reduce the 
aviation fatal accident rate by a factor of five in the next ten years. Three main goals were 
suggested to help achieve this. They are: 1) prevent equipment malfunctions, 2) reduce 
human-caused mishaps, and 3) ensure separation between aircraft and other air or ground 
hazards. (White House, 1997) 
Space-Time Predictor Theory 
The space-time predictor theory as it applies to aircraft collision avoidance 
(Krishnan, 1998) is based on the Minkowski space-time diagrams (Hawking, 1988). The 
theory states that having knowledge of a future situation (conflict) will result in avoidance 
of that situation (conflict). Also, that avoidance maneuvers will be made keeping in view 
the effect on the other aircraft in the proximity. 
There are three stages of time. They are the past, the present, and the future. The 
past can be said to be behind us. We remember what happened, but there is no returning 
to the past to change it. It is history and will always be the same. The present is a 
transition between the future and the past. The actions you take now (in the present) affect 
the future and may be seen in the past, but can only be performed in the present. The 
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future can be said to be in front of you. You cannot see the future, but for some things 
you may predict the future. That is to say, if an aircraft is traveling at a constant velocity 
(V) you can predict that it will be at a particular point in space (P) at a certain time (T) by 
a simple calculation of VT=P. Predicting the future location of other aircraft, and the 
ownship, allows possible future scenarios to be displayed to pilots which may result in 
better maneuvering decisions. The space-time predictor theory adds time to the current 
three dimensions of latitude, longitude, and altitude to create a four dimensional model 
from which to present information. 
Collision Avoidance Technology 
TCASII. The implementation of Free Flight brings up some technological 
challenges that must be addressed. With a reduction in communications between pilots 
and ATC there is an increased risk of mid-air collisions. To help prevent such events 
from occurring, pilots must be supplied with the information about other aircraft 
operating in the area and their intentions. One current system of detecting and warning of 
potential conflicts is the Traffic Alert and Collision Avoidance System II (TCAS II). 
"TCAS II is an aircraft-based airborne collision avoidance system that provides 
information, independent of the ground-based air traffic control (ATC) system, of the 
proximity of nearby aircraft. It alerts pilots visually and aurally, to potentially threatening 
situations by monitoring the position, closure rate, and altitude of nearby transponder-
equipped aircraft." (Mellone & Frank, 1993, p. 353) The display is presented from a 
"gods eye" point of view (look down) and has three categories of alerts. The first is called 
proximate traffic; this is utilized for situational awareness only, and is displayed as a 
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white-filled diamond. The second is a traffic advisory (TA); warning of a potential 
conflict within 40 seconds and is displayed as an amber-filled circle. The third is a 
resolution advisory (RA); warning of a potential conflict within 20-25 seconds and is 
displayed as a red-filled square. The TA and RA both have aural alerts to compliment the 
visual stimuli. In addition, the RA suggests possible evasive maneuvers. (Begault & 
Pittman, 1996) 
Some Problems with TCAS II. There has been some safety concerns with the 
current system of TCAS. It appears that the controllers are often being left "out-of-the-
loop" during an RA event, which can involve heading and altitude deviations. When the 
pilot is receiving different information than the controller his perception of the 
surrounding airspace is going to be different than that of the controllers'. In a study of 
174 TCAS II reports by Mellone and Frank (1993) several safety and communication 
concerns were addressed. Among the concerns listed were unexpected altitude deviations 
ranging from 100 to 1600 feet (average change of 628 feet). 
"... [I]n the majority of incidents (93), the pilot informed ATC after reacting to the 
RA. In 15 incidents, the pilot did not notify ATC at all of the RA maneuver. In 26 
incidents, the pilots either forewarned ATC (9) or warned ATC while complying 
with the RA (17). A number of controller reports indicate that this response 
pattern is a major source of their concern because of the impact of the 
unanticipated avoidance deviations upon the controller's air traffic situation." (p. 
353) 
When TCAS was originally designed it was thought that altitude deviations would be in 
the range of 200 to 300 feet and not be a significant enough deviation to affect ATC. 
When pilots react to perceived conflicts without informing the controller serious safety 
issues are raised. One of which is the act of moving out of one conflict zone into another 
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aircraft's zone. By informing ATC prior to altitude change the controller has the 
opportunity to advise pilots of possible future conflicts and can predict and control 
adjustments with more accuracy. Revised training programs have been suggested to 
attempt to alleviate this problem with communication. However, revised training may not 
be necessary if ATC received the same information that is being presented to the pilots 
(i.e., RAs). In a study conducted by Hoffman, Kaye, Sacher, and Carlson (1995) it was 
found that controllers preferred having TCAS conflict information presented to them 
because, "... it appeared to them to reduce communications (when the pilot followed the 
RA) and improve awareness of potential TCAS-mediated maneuvers." (p. 125) Another 
option is to develop display technology that is more intuitive for the pilot. TCAS requires 
mental processing for altitude, heading, and even simple deciphering for potential threat 
aircraft. 
Global Positioning System. Another emerging technology is the Global 
Positioning System (GPS). The GPS is just now starting to become affordable to all 
facets of aviation due to the technological advances that have been able to reduce the 
weight, size, and price of receivers. For example, 
"Only nine years ago Magellan introduced what it believes was the first hand-held 
GPS receiver, which sold for $3,500. The company recently prepared to ship its 
latest hand-held receiver-the GPS Pioneer-which sells for just under $100 and 
weighs 7 oz.... [In the military] The latest carrier aircraft navigation INS 
(AN/ASN-139 CAINS 2) with a GPS added weighs 47 lb., has a volume of 1,418 
cu. in. and costs $150,000. In contrast, the new [Darpa GPS Guidance Package] 
GGP will weigh 7 lb., occupy 100 cu. in. and cost $15,000. [Fiber-optic gyro] 
FOG/INS accuracy will be at least as good as the ring laser gyro technology used 
in CAINS 2.... the new FOG/GPS system will consume less than one-fifth the 
power and have more than twice the reliability of CAINS 2." (Nordwall, 1997, p. 
58) 
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GPS is a set of 24 satellites operating in near-circular inclined orbits. Using 
unidirectional signals received from four of these satellites the position of the receiver 
(latitude, longitude, and altitude) can be determined. The satellites require the fourth 
marker to "triangulate" position, due to the additional requirement of a time marker, as 
opposed to the conventional means of terrestrial surveying that uses only three reference 
points. (Roddy, 1996) 
Currently the use of GPS is limited to the function of a navigational aid in the 
civilian community. This is due to the military's reluctance to release more than one 
frequency for use by the general public. However, in June 1997 the U.S. Defense and 
Transportation departments announced a proposal that would release a second frequency 
for civil users (Nordwall, 1997). The subject is still under debate as to what range of 
frequencies to release and when they will be released. When this does happen it will 
allow levels of accuracy acute enough to perform category 2 and 3 ILS landings. This 
level of accuracy will also allow for closer separation minimums that will be helpful in 
the implementation of free flight. 
Enabling Technology 
GPS will have to be fully utilized in order for Free Flight to operate at its full 
potential. As opposed to a system that is limited by the availability of precious space and 
weight restrictions on aircraft, or ground based systems which can leave gaps in coverage 
at remote locations or over water. GPS can cover a large area and aircraft need only have 
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an onboard receiver. This system can also allow ATC and pilots to share the same 
information from a source flexible enough to cover the large area required for ATC. 
Automatic Dependent Surveillance-Broadcast (ADS-B) is a new technology, now 
being developed to augment GPS. ADS-B will attempt to provide an adequate level of 
precision and additional information for expanded usage of the national airspace system. 
ADS-B uses a self-contained transmitter / receiver augmented by satellite (GPS) and 
ground based (Local Area Augmentation System (LAAS) and Wide Area Augmentation 
SURVEILLANCE 
System (WAAS)) surveillance systems, that broadcasts over Mode-S / L-Band 
frequencies Figure 1). 
Figure 1. One Possible Signal Tracking Solution for ADS-B (From FAA, 1995) 
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It is aimed at providing an alternative means of surveillance, other than primary radar and 
beacon technology. "Within the cockpit, ADS-B supports cockpit display of traffic 
information (CDTI).... In the full implementation of CDTI, procedures could be 
developed which would allow CDTI to be used for separation of aircraft; climb, descent, 
and passing maneuvers; and as an integral part of IFR operations to closely spaced 
parallel runways." (Federal Aviation Administration, 1997, par. 3.8.3) The new system 
(ADS-B) is now being tested in Alaska and Hawaii. If it is successful it may be 
implemented throughout the United States by 2014. That is the year the NAS is predicting 
that all aircraft will be equipped with ADS-B transmitters. The technology from ADS-B 
can be utilized in developing equipment to enable longer-range air-to-air detection with 
more accurate surveillance than current self contained units, such as TCAS II, and to 
provide more accurate surveillance than the current ground-based primary and secondary 
radar systems. 
ADS-B will provide a more accurate level of information for aircraft latitude, 
longitude, and altitude than the current GPS systems. In addition to this increase in 
precision it will add the unique feature of transmitting aircraft intent. Aircraft equipped 
with an ADS-B receiver/transmitter will broadcast a message on a regular basis that will 
consist of pertinent information to determine the required data. Other aircraft in the area 
can receive the information for integration into onboard systems such as collision 
avoidance displays. The broadcast rate will be a driving factor in determining the update 
rate for displays, which will utilize the new technology. At this time a standard broadcast 
rate has not been released publicly by the RTCA special committee 186, who was 
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responsible for designing the minimum aviation system performance standards for ADS-
B (RTCA, 1998). 
Previous Display Research 
When designing a cockpit display, one of the first problems encountered is to 
determine the size (scale) of the display. It must be small enough to fit on the instrument 
panel, yet large enough for the pilot to see and interpret the meaning of the presentation. 
Abbott and Moen (1981) found that screen size has a direct effect on pilot performance. 
They presented conflict avoidance displays ranging in size from 7.62 cm. (3 in.) by 10.16 
cm. (4 in.) wide to 16.51 cm. (6.5 in.) square. Although all pilots agreed that all the 
screens were usable, performance was degraded with the use of the smaller screen sizes. 
The greatest incremental change was seen when the screen size changed from 12.70 cm. 
(5 in.) high by 10.16 (4 in) wide to the 10.16 cm. (4 in.) square presentation. The trend 
indicated by this study indicated that, with the size used to collect this data, a screen size 
of 12.70 cm. (5 in.) high by 10.16 (4 in) wide, or larger, is preferred for optimum 
performance in an aircraft spacing situation. The study did not find significant effect for 
screen width; probably due to the fact that the flow of traffic was presented vertically and 
not horizontally. Since the size of the display was increased vertically, as the display 
height was increased, the width of the display had little effect on deciphering targets. 
While the size of the display is important, it will be of little use without the proper 
presentation of information. There has been substantial research in the area of display 
presentation. Displays that have used predictions to help pilots make better decisions 
appears to be more limited in scope. 
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One of the early predictor display studies was performed by Palmer (1983) while 
he was helping to develop the Cockpit Display of Traffic Information (CDTI) and 
Collision Avoidance System (CAS). He performed a display comparison for conflict 
resolution maneuvers. His study used a Boeing 747 fixed base cockpit simulator 
configured with a 7-in. by 7-in. color CRT, which displayed the CDTI symbology. Pilots 
flew a 250 knots straight and level attitude while performing the test. They were 
instructed to maneuver only when there was a perceived conflict. Of the three displays 
compared in this study, two presented predictor information. The predictor displays had 
no encounters with less than .75 nm or 250 ft separation. Whereas the display without the 
predictor information resulted in having 3.1 % of its encounters inside of these limits. 
The latter display also resulted in twice as many maneuvers that did not uniformly 
increase miss distance. The predictor displays appear to give the pilots enough warning to 
significantly affect critical decisions regarding potential in-flight conflicts. Thus 
supporting the theory that, prior knowledge of a potential conflict will result in avoidance 
of said conflict. 
According to Roscoe, Corl, and Jensen (1981) the traditional pictorial flight 
displays, that were introduced in the 1950's and 1960's, warrant reconsideration in light 
of current technology and experimental findings. Among their suggestions for future 
experimentation is the flight path predictor concept. Supporting experimental findings, 
relevant to this study, include pictorial realism, integration, compatible motion, pursuit 
presentation, and predicting. 
"The principle of pictorial realism is an assertion that a display should 
present a spatial analog of the real world, one in which the position of an object is 
convincingly seen in depth as well as up-down and left-right. Pictorially realistic 
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displays permit the pilot to use a highly learned set of rules about the world to 
reduce amount of information that must be processed before making control 
responses." (Roscoe et al., 1981, pg. 342) 
"The most persistent information processing task of the pilot using 
conventional displays is the integration of information from different sources. ... 
Separate parametric displays typically present accurate quantitative information, 
but they are not well suited for rapid qualitative interpretation of the state of the 
system required in aircraft control (McCormick, 1976). 
Carel (1965) has suggested that such interpretation may be enhanced 
through the presentation of a 'large number of variables in a coherent frame of 
reference,' His optimum display would present integrated information from all 
four loops of the task hierarchy in a common coordinate system. ... A good real 
world example of Williams predigestion concept is a dynamic map display that 
shows not only the airplane's position and projected flight path relative to its 
desired course but other airborne and surface traffic as well." (Roscoe et al., 1981, 
pp. 342-343). 
Poppen addressed compatible motion in 1936 when he suggested that the correct form is 
an exact analog of what can be viewed out the windscreen in contact flight (VFR). This 
reasoning still stands and is only recently possible. Frequency separation is when the 
display elements respond immediately to aircraft movements. The theory states that 
acceleration should move in the same direction to the control inputs and rate and position 
indications should move in the contrary direction. ".. .Frequency separation is one display 
feature that must be considered if control reversals are to be minimized and tracking 
performance is to be maximized (Roscoe et al., 1980)." (Roscoe et al., 1981, pp. 344). 
"... The essence of the pilot's flight control task remains the prediction of 
future effects of present control inputs. One of the most effective means of 
assisting the pilot in this task is the predictor display. ... The function of the 
predictor algorithm is to provide estimated successive future states of the system 
based on present states and control inputs for comparison with desired system 
states. All are integrated in to the same display for direct comparison by the pilot. 
Although much of the research on predictor displays would properly be 
classed as pretest studies or demonstrations, the findings consistently point toward 
the superiority of predictors over conventional displays, and the differences 
increase with task difficulty. Kelly (1953) found that novice subjects could learn 
in 10 min to operate a complex simulated submarine system with a predictor to a 
perfection equaled only by experienced operators. ... Warner (1968) found that 
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variability of performance was almost eliminated using a predictor instrument." 
(Roscoe et al., 1981, pg.345). 
Roscoe also pointed out that the concept of prediction could be generalized and can be 
applied to any display, not necessarily tying it to pursuit displays. When given a 
prediction (P) of the location of an aircraft in future time (t), Roscoe (1981) states that, it 
may be any sort of function of the known present or past variables and vehicle 
parameters. "If the target were an aircraft making evasive maneuvers, the predictions for 
that target might be generated by a fast-time model of the target aircraft's dynamics 
driven by its past and present behavior. All the predictions might be combined into a 
single prediction of future relative error extrapolating both, vehicle and target motions." 
(pp. 347-348). One prediction possibility would be that a vehicle will have moved to 
location V + P by time t from now; V is the operators' vehicle. Using the information 
given by ADS-B or a similar transponder, a formula like this one would be capable of 
generating a prediction accurate enough to present future conflict information to pilots. 
It was noted by Wassell (1993) that, piloting decisions could be adversely affected 
when non-threatening aircraft are presented on traffic displays. He suggested that only 
pertinent information (conflict only aircraft) be presented to pilots. Krishnan et al., (1998) 
also supported this theory in his three-dimensional predictor display. By limiting the 
information being presented on the displays it would make the aircraft interactions easier 
to interpret. He also suggests that the traditional 2-dimensional format requires some 
improvement if it is to be utilized in the future of air travel. "Despite poor presentation of 
vertical information, the plan-view format is still the only format in use today in order to 
conform with other displays such as weather radar and moving maps. Intruder altitude 
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information, when available, can be presented to the pilot in the form of a numerical 
value in the intruder's datatag or as a coded symbol. The pilot must mentally process the 
available information to obtain a 3-dimensional picture of the airspace." (p.2). With the 
technology available to the industry today, the pilot should not have to work to achieve a 
3-dimensional picture of the airspace. Three-dimensional and pseudo-3-dimensional 
displays are now being developed in an attempt to eliminate the extra time required to 
interpret today's cluttered, hard to read displays. 
The representation of information in the cockpit can be divided into two 
categories, external and internal. The proper distribution of this information can make the 
difference between a display that is easy to use and one that is confusing and time 
consuming. These categories of representation are, 
"... based on Zhang and Norman's (1994) theoretical principle of distributed 
representations: The information needed for many tasks in a cockpit is distributed 
across the external information displays in the cockpit and the internal minds of 
the pilots. The relative amount of information displays in external representations 
versus that in internal representations is the major factor of a display's 
representational efficiency. The more information is represented externally, the 
more efficient is the display. This is because external information is processed by 
more efficient perceptual mechanisms, which require little or no resources of 
working memory because they are usually direct, automatic, unconscious, and 
parallel. In contrast, internal information is processed by less efficient cognitive 
mechanisms, which require more working memory resources because they are 
usually indirect, controlled, conscious, and sequential." (Zhang, 1996, pg. 118) 
The use of the plan-view format and data tags on today's displays are representative of 
internal representation of traffic information. Pilots are being forced to make 
determinations of closure rates, altitude differences, climb and descent rates, and 
conflicting vectors. These calculations can be made faster and more efficiently by 
computers than by humans. Furthermore, the information presented in data tags, adds to 
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the complexity and clutter of the display. All these internal calculations require time that 
a pilot may not have. Through the use of a predictor type display with a 3-dimensional, or 
pseuo-3-dimensional, representation and a more natural perspective the information can 
be presented externally, therefore making it faster and easier to interpret. Also, by 
presenting target aircraft with their altitude, attitude, and heading relative to the pilot's 
ownship, the use of data tags can be eliminated without a significant loss of vital 
information. 
Artificial looming is another way of presenting information to make it easier to 
interpret for collision avoidance displays. In a study by Schmidt (1997) he found that 
reaction time and the percentage of errors were consistently lower for instances of 
artificial looming, as opposed to a lateral motion presentation. His experiment used red 
rectangles on a black background, which were presented to each eye individually through 
the use of a special stereoscopic viewer. Subjects were asked to determine how many of 
the targets presented were moving. They were measured for time and for accuracy. His 
findings suggested that artificial looming allowed for faster reaction times and more 
accurate responses. 
Smith, Briggs, Knecht, and Hancock (1997) conducted a simulation study 
utilizing CDTI from a Boeing 757. In their studies they were primarily looking for the 
constraints that enable commercial pilots to maintain self-separation in a free-flight 
environment. They used 18 certified commercial airline pilots and told them to maintain 
standard FAA aircraft separation from other aircraft in the area. They found several 
problems which, they felt, needed to be addressed. First, a significant amount of pilots 
failed to maintain the required separation. When the display tried to warn of a breech in 
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airspace some pilots did not understand the warning, or at least questioned the validity of 
it. Second, the acceptable separation tolerance of the pilots appeared to differ from that of 
the ground based standards of the FAA. The display warnings were inconsistent with the 
normal operating procedure of experienced pilots. In addition, the display that was used 
was very cluttered and difficult to read. This study, by itself, supports the need for more 
research in the area of CDTI. 
In phase one of this study, which was performed at Embry-Riddle Aeronautical 
University by Krishnan, Wise, Gibb, and Winkler (1998), used a pseudo three-
dimensional predictor display to present information about future conflicts to pilots. The 
inevitable implementation of free flight raised some concerns about safety of flight issues, 
such as airspace incursion and collision avoidance display effectiveness. Krishnan 
theorized that, for the purposes of conflict / collision avoidance: 
1) Knowledge of an event (conflict) by an individual will result in that individual 
taking actions to avoid being in the location of that event (conflict) therefore 
allowing that individual to avoid the conflict. 
2) If another aircraft will not be in conflict with the pilot's ownship, then 
knowledge of where that aircraft is located is not necessary, and therefore does 
not need to be presented to the pilot on a collision avoidance display. 
In his study Krishnan presented three different collision avoidance displays, using three 
different collision avoidance display concepts, to pilots during a flight simulation. The 
primary concept tested was based on the afore mentioned space-time predictor theory. 
The three displays included a distance-based display, a time-based display, and a space-
time predictor display (Figure 2). 
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Figure 2. Space-time predictor display 
The first two displays were shown from the traditional perspective of a look down type of 
view (god's eye). The space-time predictor display was presented from the pilot's point of 
view, as you can see in figure 2. It was viewed as if flying through a virtual "tunnel of 
time". That is, unlike the traditional god's eye view display the space-time predictor 
display presented the traffic flow in the opposite direction of what we have come to 
accept as normal. The center of the display was presented as further away in space-time, 
and the outer edges were presented as closer in space-time. So, as the targets got closer to 
the ownship they would move from the center of the display to the outer edges of the 
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display. To help create a looming sensation the aircraft would increase in size as they 
moved from the center to the edge of the display. Due to the general acceptance of the 
traditional plan view displays, this type of presentation appeared to confuse the subjects at 
first. Krishnan found, however, that with very little training, this type of presentation 
became very easy to use and appeared to be well liked by the subjects. The space-time 
display presented only pertinent information (e.g. conflict or collision threat traffic) to the 
pilots. It also presented all information in future time and in minutes to conflict. By 
presenting the information in this manner the mental calculations required of pilots to 
figure closure rates and conflicting flight paths was eliminated. Since the pilots were not 
required to perform the normal calculations for collision avoidance, that the distance-
based and time-based displays still needed, faster reaction times and a higher percentage 
of correct maneuvering decisions were seen for the space-time display. The next phase of 
the study, which will be dealt with in this paper, is to validate a screen design by 
presenting three possible displays while maintaining the space-time predictor concept. 
Summary 
Since the aircraft will be under close ATC control while in the Terminal Control 
Area (TCA) the primary concern for pilot maintained conflict avoidance, during free 
flight, is in the area between the TCAs. This area covers the majority of the flight and will 
be presenting new problems for pilots since ATC communication and control of flight 
paths will be kept to a minimum. The information presented to the pilot by TCAS II is 
"good-to-know" information, however from a human factors point-of-view some of it 
may be considered excessive. The TCAS display presents information about aircraft that 
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are not potential threats to the pilot's ownship and are therefore may be unnecessary. 
Extra information can clutter the display and make deciphering necessary information 
more difficult in high workload situations, possibly increasing the time required to 
acquire the primary target(s). In addition, the gods-eye point-of-view has been known to 
be less effective than other types such as 3-D or pseudo 3-D displays (Zenyuh, Reising, 
Walchli, and Biers, 1988; Wise, Garland, and Guide, 1993; Krishnan, et. al, 1998). It is 
time to move on to the next step in CDTI and produce a display that allows information 
to be interpreted faster and more accurately by pilots. 
In a study of ATC situation awareness in free flight conditions (Endsley, Mogford, 
& Stein, 1997) it was found that, with current technology, controllers' awareness of the 
state of air traffic may be reduced, their workload may be increased, and their ability to 
intervene in a timely manor may be limited. This study showed a need for advanced 
technology displays in order to move on to the next phase of air travel in America. The 
requirement for further research in this area is endless. However, one area that has been 
addressed as requiring attention is the need to share information between pilots and ATC 
personnel (Mellone & Frank, 1993; Hoffman, Kaye, Sacher, & Carlson, 1995). By 
utilizing a system consisting of GPS, LAAS, WAAS and ADS-B, air traffic controllers 
can easily have access to the same information that is presented to the pilot, in real-time. 
The emergence of these technologies, and the inevitable implementation of free flight, 
demand a display that can make interpreting conflict data faster, more reliable, and more 
intuitive to the pilot. The new innovations will not only reduce the cognitive workload on 
pilots (and controllers) but will make the skies a safer place in the process. 
Statement of the Hypothesis 
The first hypothesis: The mean response time will be faster for the pilot's 
perspective display. 
The second hypothesis: The mean error rate for maneuvering decisions will be 
lower for the pilot's perspective display. 
The third hypothesis: The mean error rate for the locating task will remain 
consistent for all three displays. 
CHAPTER 2 
METHOD 
Subjects 
Subjects consisted of 18 student and instructor pilots attending Embry-Riddle 
Aeronautical University and PhilAir Flight Center; Daytona Beach, Florida. The mean 
age was 26.4 years old (median 24). The mean total flight hours were 593.17 (median 
342.5) and ranged from 55 hours to 2400 hours. They had a mean flight time of 33.33 
hours (median 12.5) in the 60 days prior to participating in the simulation (Appendix A). 
Subjects were located through advertising at these facilities and through word-of-mouth. 
There was no specific flight hour requirement for this study. However, all subjects were 
required to posses a valid FAA (or equivalent) private pilots' certificate. In addition to the 
private certificate that was required several pilots held additional ratings. The breakdown 
was: seven held an instrument rating, eight held a commercial rating, nine were 
multiengine certified, four were multi engine instructors, five were certified flight 
instructors, four were certified flight instructors for instruments, two were glider pilots, 
one was a helicopter pilot, and one was a certified air traffic controller. All subjects were 
volunteers. 
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Instruments 
The simulation utilized an advanced concept, glass cockpit, general aviation 
simulator (Figure 3). The simulator consisted of a Piper Cherokee-140 cockpit enclosure 
with a glass cockpit (two PC computer monitors mounted on the display panel), a control 
stick and throttle (Microsoft® Sidewinder® joystick). The simulator was located in the 
Human Factors Research Laboratory at Embry-Riddle Aeronautical University. The first 
computer (PCI) was a Bell equipped with a 333MHz Intel® Pentium II® processor, 64 
megabytes RAM, and a 17-inch color monitor with 1024 x 768 pixel display. It provided 
the primary task of flying the aircraft and utilized Microsoft® Flight Simulator 98© 
simulation program. The type of aircraft flown was a Cessna 182 with fixed landing gear 
and a fixed propeller. The second computer (PC2) was a Macintosh Power G3 and 
utilized a 13-inch color monitor. It contained the program with which the performance 
data was collected. The displays were created using HyperCard® 2.3.5 (Appendix B). 
Reactions to the three different screen displays were recorded using a mouse, and 
keyboard input (described in detail later). The Keyboard consisted of a standard 3 x 3 
numeric keyboard on a Macintosh computer keypad. 
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scenario (Appendix E). The pilots were asked to determine, in what direction(s) an 
aircraft could not maneuver, for each scenario. Their responses were compared to each 
other. Like answers (i.e., any two or three matches) were used to determine incorrect 
maneuvering choices (Appendix F). 
The primary task consisted of maintaining the aircraft's altitude and heading on a 
predetermined course. Subjects performed a normal take-off from Meigs Field near 
Chicago, Illinois. Prior to starting the first testing scenario, subjects were allowed to 
attain the predetermined altitude and heading. While flying, subjects were prompted to 
look at the adjacent computer monitor (PC2) containing one of the three possible 
collision avoidance displays. The display presentation was confined to a 5-inch square 
display area. The CDTI displays were presented about 33 inches from the subject (27-
inches in front and 18-inches to the right). The viewing angle was approximately 35 
degrees to the right of the subjects' centerline. The vertical viewing angle for the display 
was approximately 15 degrees below the horizon line. The displays, for the purposes of 
this study, were all presented in monochrome. This was done to avoid any bias that color 
may have toward one display over the others. It is better to develop a display in 
monochrome prior to introducing color to assure that it can function on a variety of 
displays, some of which may not support color. Or for situations where color may not be 
available for some reason. 
The subjects were trained on the use of each display prior to the start of each test. 
Only one screen design was tested per flight. Training instructions may be reviewed in the 
verbal instructions in appendix G. There was a short familiarization flight prior to the 
start of the testing, independent of any screen presentations, to provide training on the 
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flight simulator program. It was determined that proficiency was demonstrated in the 
flight portion when the subject could maintain the given altitude of 3000 feet (+ or - 200 
feet as required in section IX task A (3) of the private pilot practical test standards FAA-
S-8081-14S) for two minutes. Subjects flew straight and level, and were also told to 
perform some turning maneuvers. Altitude was expected to be maintained throughout all 
practice maneuvers. 
The testing order for the displays was counterbalanced within-subjects (Table 1). 
The screen (scenario) presentation was counterbalanced between-subjects by randomizing 
the order of presentation. Counterbalancing was used to help discriminate against 
learning bias. Task stability was established in each scenario through training to 
overcome any learning bias that may have been encountered due to the uniqueness of the 
displays and the display concept. Each subject underwent training on each screen design 
immediately prior to the actual test. The subjects performed the display tasks independent 
of the flying scenario to familiarize them with the presentation. There were 20 training 
scenarios for each display type. The actual test began only after it had been demonstrated 
that the subject could perform the required task. Thirty different scenarios were presented 
for testing in each display type. The total number of testing scenarios, for each subject, 
was 90. Each trial lasted for approximately 10 seconds. The total time of actual testing 
took between two hours-thirty minutes and four hours. 
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Table 1 
Order of Counterbalance Within-Subjects 
S 1 
s2 
S3 
s4 
s5 
s6 
Disp A 
1 
3 
2 
1 
2 
3 
Disp B 
2 
1 
3 
3 
1 
2 
Disp C 
3 
2 
1 
2 
3 
1 
Prior to testing, the subjects were given two questions. Each scenario required 
them to provide input in the form of answers to the two questions. The questions were 
consistent with the questions from the previous study, with the exception of some minor 
wording modifications due to the differences in the types of presentations. The two 
questions were: 
1). Is a maneuver required and in which direction should the initial maneuver be? 
2). What direction would you look (outside the aircraft) to locate the aircraft that 
poses the most serious threat? 
Measurements for all of the required data, the direction of the initial maneuver, 
the time required to make that decision, and the direction to look to locate the most 
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serious threat, were recorded in an ASCII file by the computer. After which they were 
imported into Microsoft® Excel 97® and Statistica® to be analyzed. 
Flight Scenario 
The flight scenario consisted of flying a Cessna 182 on a specified course through 
the metropolitan Chicago area, in VFR conditions. All condition settings, on the 
Microsoft® Flight Simulator program, were left at the default with the exception of the 
following: Weather - Clouds, light; Visibility, 20 miles (32 kilometers); Wind, Heavy. 
The flight realism was set to the full right position (Real). 
At the start of each scenario the aircraft was positioned on the runway at Meigs 
Field, Illinois. Charts and all associated navigational equipment were provided. The 
subjects were instructed to take-off and climb to 3000 feet MSL. They were instructed 
that they were expected to maintain 3000 (+ or - 200) feet throughout the flight. The 
predetermined route is shown in Table 2. 
Table 2 
Predetermined Flight Path 
Start Destination 
Meigs (CGX) to Chicago-O'Hare (ORD) 
ORD to DuPage 
DuPage to Joliet 
Joliet to Chicago-Midway 
VOR Radial 
090 
090 
330 
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Procedures 
Upon starting the testing, subjects were introduced to the future space-time 
predictor theory, as it applies to collision avoidance and this study (see Verbal 
Instructions in Appendix G). Once familiar with the theory they were introduced to the 
flight simulation program and the scenario was fully explained to them. A familiarization 
flight was flown to assure they were comfortable with the program and fully understood 
the flying portion of the simulation. Once the subjects showed proficiency in the 
simulation program the familiarization flight was terminated. Proficiency was defined as: 
able to maintain altitude (+ or - 200 feet) and course heading (+ or - 20 degrees) for 2 
minutes. Subjects were also required to maintain altitude through three turns during the 
training flight. The deviation limits were taken directly from the FAA private pilot 
practical test standards for basic instrument straight-and-level flight (FAA-S-8081-14S, 
1995) section IX part A (3). Each testing scenario began with an explanation of the 
screen to be tested in that scenario. This was done to avoid learning degradation while 
performing tests with the other displays. Once an understanding of the display was 
reached the subject practiced the reaction time exercises, independent of the flying 
scenario, until an acceptable level of competence was reached. Proficiency in the display 
presentation task was defined as completing all 20-practice scenarios with at least four of 
the last five answers correct. Also, the last two of the three or four-target scenarios must 
have been answered correctly. If the minimum requirements were not met, the training 
scenarios were randomly shuffled and the subject would perform the training scenarios 
again until the minimum requirements were met. There was no time limit for training. 
Proficiency was determined through a pilot test of the training portion of the displays. It 
was noted that after these criteria were met the number of mistakes was negligible. This 
exercise helped compensate for the learning curve during testing, so the data collected 
was post asemtone. 
A timing mechanism was incorporated into the display program for this study. 
The subject was prompted to divert his / her attention to the display screen by four 
"beeps". The display was not presented until after the fourth "beep". The displays 
appeared at random intervals of between ten and twenty seconds after the "start" button 
was "clicked on". When the screen display appeared a timer was started within the 
program. Reaction time was measured to l/100th of a second. The subjects were briefed, 
prior to testing, that decision time and accuracy were equally critical. Subjects were 
instructed to place their hand on the mouse as soon as they heard the screen prompt 
(beeps). This was important to eliminate time differences due to arm and hand movement 
and mouse locating time. Subjects were to determine if an avoidance maneuver was 
necessary and, if so, in what direction the initial maneuver should be. In addition to this 
they were to determine which direction they would look (out the window) to locate the 
target aircraft that was the most serious threat. Subjects had approximately ten seconds to 
make these decisions before the program would "time-out". Upon clicking the mouse 
button the timer would stop and mark time. Then the subject was prompted to enter the 
direction corresponding to the initial maneuver required. The computer keypad was 
marked with arrows representing eight of nine possible directions (i.e. up and left, straight 
up, down and right, etc...). The center key (5) was marked with a circle and represented 
no maneuver (i.e. straight ahead). Once they entered the appropriate direction another 
prompt would appear and ask, "Please enter the direction you would look (out the 
window) to locate the aircraft that poses the most serious threat". The keyboard used was 
numbered to match figure 4. 
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Figure 4. Numbering pattern of numeric keyboard used to signify aircraft maneuvers. 
After the testing was complete the subjects were asked to fill out a brief 
questionnaire. The questionnaire was completely subjective in nature. It was used to 
determine pilot appeal and reaction to the different displays that were presented to them. 
A summary of responses may be viewed in appendix H. All responses were paraphrased, 
like and similar answers were combined to make one answer. 
Screen Design Requirements 
In all three screens the following concepts were used to maintain consistency: 
1). Only potential conflict aircraft were presented (the closest and most probable). 
2). Aircraft that were a collision threat had a dashed vector line connecting them 
to the ownship. 
3). Aircraft that were expected to impede minimum airspace required for 
separation, but not pose the threat of a collision, were just depicted as an 
aircraft. 
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4). All events presented were presented as predictions of what will happen in 
future time if no deviations were made by the ownship, or target aircraft, from 
their present course. 
5). All calculations of relative position, altitude, heading, speed (to include 
closure rates), intent, and time to conflict were made by the computer prior to 
being presented to the pilot; therefore, they did not need to be presented to the 
pilot. 
6). All displays were presented to fit within a 5-in. by 5-in. display area. 
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The Displays 
A). Pilot's Perspective Display: 
This display used an inside out point-of-view. It provided a horizon-line for 
altitude reference in addition to spatial direction information from 90 degrees left to 90 
degrees right in both hemispheres of the screen. If a target aircraft was directly in front of 
the ownship the target aircraft was presented in the center, above the horizon line of the 
display, and the target aircraft was "boxed" to distinguish it from an aircraft that was high 
and in the center of the display. The perspective to the pilot was as if he/she was flying 
through a tunnel. That is, the smallest circle (in the center) is the furthest away (3 
minutes). As objects and time get closer to the ownship the circles and aircraft images get 
larger. This provides a "virtual" looming sensation of movement through time (Figure 5). 
Drawing is not to scale. 
Figure 5. Pilot's Perspective Display (Display A). 
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B). Split-Screen Display: 
The second display was a split-screen display showing a gods-eye view on the top 
half of the screen and a side view on the lower half of the screen. The display presented 
reference lines for center and horizon reference as well as depiction of the conflict zone 
(cone-of-conflict) (Figure 6). 
Drawing is not to scale 
Figure 6. Split-Screen Display (Display B). 
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C). Third Person Perspective Display: 
The third proposed display was presented using a third person perspective. It 
presented the data from a 45 degree angle to the side and aft of the ownship. It used 
horizon and boundary lines for reference. In addition, it used spatial planes for location 
reference points at the time markers. When aircraft were in-between the time markers 
they had reference lines connecting them to the nearest spatial plane aft of the aircraft, to 
maintain a constant spatial reference. This screen was based on the concepts used in 3-D 
video games (e.g., Zaxon ™) where spatial planes are used as reference aids to maneuver 
virtual aircraft through specific pseudo 3-Dimensional points in space (Figure 7). 
Drawing is not to scale 
Figure 7. Third Person Perspective Display (Display C). 
CHAPTER 3 
ANALYSIS 
How the Data Was Screened 
A matrix was constructed (in MS Excel©) for incorrect responses for each display 
type (Appendix I). It listed all scenarios vertically and all subjects horizontally. Each 
incorrect response was listed as either 1 for the maneuvering question; 2 for the locating 
question; 3 for both questions; or 4 for too much time taken on that particular question. 
The mean number of subjects that had an incorrect answer in a scenario was calculated 
for each scenario. Scenarios with higher than 50 percent of the subjects answering 
incorrectly were highlighted and then compared to the data from the other screen 
displays. If all three screen displays had higher than a 50 percent mean incorrect rate, for 
a particular question, then the directional choices were compared within and across the 
displays to determine the validity of the question. No scenario matched all the criteria to 
be disallowed. However, this matrix was also used to determine if a display had difficulty 
with a particular type of scenario. There was one scenario, on the pilot's perspective 
display, that appeared to have difficulty with the locating task. This will be explained in 
detail in the conclusion (Chapter 4). Additionally, any answer that took more than the 
allotted 10 seconds to answer was not used in the calculations. 
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How the Data Was Interpreted 
The mean response time was in the form of seconds to the nearest 1/100. The 
mean response time was calculated for the average response time, for all scenarios, for 
each subject. Mean response times were then added together to determine an overall 
Mean response time for each display type (Appendix J). The mean response times for 
each display type were then further broken down into number of target aircraft presented. 
The means and overall F ratio were compared for the mean response time with the use of 
a one-factor within-subjects ANOVA. A post hoc analysis was done using Tukey's 
honestly significant difference (HSD). 
The data collected for the initial maneuvering decision was either correct or 
incorrect, with nine possible directions. Correct responses were quantified for total 
number incorrect for each scenario and each subject (Appendix K). A mean error rate was 
calculated for each subject and a total mean error rate was calculated from that data for 
each display. Variance was computed using a one-factor within -subjects ANOVA. 
The data for the task of locating the most serious threat was also either correct or 
incorrect, with nine possible directional choices. Correct responses were quantified for 
total number incorrect for each scenario and each subject (Appendix K). A mean error 
rate was calculated for each subject and a total mean error rate was calculated from that 
data for each display. Variance was computed using a one-factor within -subjects 
ANOVA. 
37 
Means and Overall F 
Mean Response Times: The mean response times for the main effect of display 
type for the pilot's perspective display, split screen display, and the third person 
perspective display were 3.306 (SD = 1.067), 5.176 (SD = .827), and 4.993 (SD = .775) 
respectively. These means do differ significantly using a one-way within-subjects 
ANOVA, F (2,34) = 61.08, p = .000. Thus, the different display presentations do 
significantly affect the response times. An eta square of .78 indicated that 78 percent of 
the variability in response times was due to display type. 
When the mean response times were separated by the number of targets presented 
in the scenario the pilot's perspective display, split-screen display, and the third person 
perspective display (combined) had a mean of 1.75, 3.91, 5.2, and 5.95 for 0, 1,2, and 3 
targets presented respectively. These means do differ significantly using a one-way 
within-subjects ANOVA, F (3,159) = 234.35, p = .000. Thus, the number of targets 
presented does significantly affect the response times. An eta square of .8 indicated that 
80 percent of the variability in response times was due to display type. When three and 
four targets presented were computed the means were 5.95 and 6.1 respectively. Using a 
one-way within-subjects ANOVA it was found that they did not differ significantly, F (1, 
53) = 2.29, p = . 132. 
The mean response times were also analyzed by number of targets presented in the 
scenario. With zero targets presented the pilot's perspective display, split-screen display, 
and the third person perspective display had a mean response time of 1.7, 1.71, and 1.85 
respectively. These means do not differ significantly using a one-way within-subjects 
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ANOVA, F (2,34) = .60, p = .557. When one target was presented the means were 2.74, 
4.59, and 4.40 respectively. These means did differ significantly using a one-way within-
subjects ANOVA, F (2,34) = 32.28, p = .000. An eta square of .66 indicated that 66 
percent of the variability in reaction times, when one target was presented, was due to 
display type. When two targets were presented the mean response times for the pilot's 
perspective display, split-screen display, and third person perspective display were 3.63, 
6.29, 5.67 respectively. These means did differ significantly using a one-way within-
subjects ANOVA, F (2,34) = 44.45, p = .000. An eta square of .72 indicated that 72 
percent of the variability in response times, when two targets were presented, was due to 
display type. When three targets were presented the mean response times for the pilot's 
perspective display, split-screen display, and third person perspective display were 4.19, 
7.15, 6.50 respectively. These means did differ significantly using a one-way within-
subjects ANOVA, F (2,34) = 55.02, p = .000. An eta square of .76 indicated that 76 
percent of the variability in response times, when three targets were presented, was due to 
display type. When four targets were presented the mean response times for the pilot's 
perspective display, split-screen display, and third person perspective display were 4.34, 
7.23, 6.74 respectively. These means did differ significantly using a one-way within-
subjects ANOVA, F (2,34) = 47.36, p = .000. An eta square of .74 indicated that 74 
percent of the variability in response times, when four targets were presented, was due to 
display type 
Maneuvering Decision: The mean error rate for the maneuvering decision for the 
pilot's perspective display, split-screen display, and the third person perspective display 
was 2.11 (SD = 1.23), 4.33 (SD = 1.57), and 3.94 (SD = 2.07) respectively. These means 
do differ significantly using a one-way within-subjects ANOVA, F (2, 34) = 11.76, p = 
.000. Thus, the different display presentations do significantly affect the error rate for 
maneuvering decisions. An eta square of .41 indicated that 41 percent of the variability in 
the mean number of errors per subject per display type was due to the display type. 
The data for the maneuvering decision was separated by number of targets 
presented in the scenario. With one target presented the pilot's perspective display, split-
screen display, and the third person perspective display had a mean error rate of .17, 1.33, 
and .5 respectively. These means did not differ significantly using a one-way within-
subjects ANOVA, F (2, 10) = 1.44, p = .281. With two targets presented the pilot's 
perspective display, split-screen display, and the third person perspective display had a 
mean error rate of .5, 1.33, and 1 respectively. These means did not differ significantly 
using a one-way within-subjects ANOVA, F (2, 10) = .73, p = .511. With three targets 
presented the pilot's perspective display, split-screen display, and the third person 
perspective display had a mean error rate of 3, 4.83, and 3.5 respectively. These means 
did not differ significantly using a one-way within-subjects ANOVA, F (2, 10) = .56, p = 
.593. With four targets presented the pilot's perspective display, split-screen display, and 
the third person perspective display had a mean error rate of 2.67, 5.17, and 6.83 
respectively. These means did differ significantly using a one-way within-subjects 
ANOVA, F (2, 10) = 6.3, p = .017. An eta square of .56 indicated that 56 percent of the 
variability in the mean number of errors for the maneuvering decision, when four targets 
were presented, was due to the display type. 
The data for the maneuvering decision was also separated by number of targets 
presented (1, 2, 3, or 4) for each display type to look for the effect of time constraints and 
display complexity. The mean error rate for one, two, three, and four targets presented on 
the pilot's perspective display was .17, .5, 3, and 2.67 respectively. These means did not 
differ significantly using a one-way within-subjects ANOVA, F (3, 15) = 1.55, p = .241. 
The mean error rate for one, two, three, and four targets presented on the split-screen 
display was 1.33, 1.33, 4.83, and 5.17 respectively. These means did differ significantly 
using a one-way within-subjects ANOVA, F (3, 15) = 2.88, p = .070. An eta square of .37 
indicated that 37 percent of the variability in the mean number of errors for the 
maneuvering decision, using the split-screen display, was due to the number of targets 
presented. The mean error rate for one, two, three, and four targets presented on the third 
person perspective display was .5, 1, 3.5, and 6.83 respectively. These means did differ 
significantly using a one-way within-subjects ANOVA, F (3, 15) = 6.80, p = .004. An eta 
square of .58 indicated that 58 percent of the variability in the mean number of errors for 
the maneuvering decision, using the third person perspective display, was due to the 
number of targets presented. 
Locating Task: The mean error rate for the locating task for the pilot's 
perspective display, split-screen display, and the third person perspective display was 
4.72 (SD = 2.59), 4.89 (SD = 3.16), and 8.89 (SD = 3.22) respectively. These means do 
differ significantly using a one-way within-subjects ANOVA, F (2, 34) = 13.05, p = .000. 
Thus, the different display presentations do significantly affect the ability to locate the 
most serious threat. An eta square of .43 indicated that 43 percent of the variability in the 
mean number of errors, per subject per display type, was due to the display type. 
The data for the locating task was separated by number of targets presented in the 
scenario. With one target presented the pilot's perspective display, split-screen display, 
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and the third person perspective display had a mean error rate of .33, 1.33, and 3.67 
respectively. These means did differ significantly using a one-way within-subjects 
ANOVA, F (2, 10) = 4.51, p = .039. An eta square of .47 indicated that 47 percent of the 
variability in the mean number of errors for the locating task, when one target was 
presented, was due to the display type. With two targets presented the pilot's perspective 
display, split-screen display, and the third person perspective display had a mean error 
rate of 3.83, 4.17, and 7.67 respectively. These means did differ significantly using a one-
way within-subjects ANOVA, F (2, 10) = 6.16, p = .018. An eta square of .55 indicated 
that 55 percent of the variability in the mean number of errors for the locating task, when 
two targets were presented, was due to the display type. With three targets presented the 
pilot's perspective display, split-screen display, and the third person perspective display 
had a mean error rate of 5.67, 4.5, and 6.67 respectively. These means did not differ 
significantly using a one-way within-subjects ANOVA, F (2, 10) = .43, p = .668. With 
four targets presented the pilot's perspective display, split-screen display, and the third 
person perspective display had a mean error rate of 4.33, 4.67, and 8.33 respectively. 
These means did differ significantly using a one-way within-subjects ANOVA, F (2, 10) 
= 8.64, p = .007. An eta square of .63 indicated that 63 percent of the variability in the 
mean number of errors for the locating task, when four targets were presented, was due to 
the display type. 
The data for the locating task was also separated by number of targets presented 
(1, 2, 3, or 4) for each display type to look for the effect of time constraints and display 
complexity. The mean error rate for one, two, three, and four targets presented on the 
pilot's perspective display was .33, 3.83, 5.67, and 4.33 respectively. These means did 
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differ significantly using a one-way within-subjects ANOVA, F (3, 15) = 3.59, p = .038. 
An eta square of .42 indicated that 42 percent of the variability in the mean number of 
errors for the locating task, using the pilot's perspective display, was due to the number of 
targets presented. The mean error rate for one, two, three, and four targets presented on 
the split-screen display was 1.33, 4.17, 4.5, and 4.67 respectively. These means did not 
differ significantly using a one-way within-subjects ANOVA, F (3, 15) = 2.17, p = .133. 
The mean error rate for one, two, three, and four targets presented on the third person 
perspective display was 3.67, 7.67, 6.67, and 8.33 respectively. These means did differ 
significantly using a one-way within-subjects ANOVA, F (3, 15) = 6.77, p = .004. An eta 
square of .58 indicated that 58 percent of the variability in the mean number of errors for 
the locating task, using the third person perspective display, was due to the number of 
targets presented. 
Post Hoc Analysis 
Mean Response Times: The apparent differences in the mean response times were 
examined using the Tukey HSD post hoc procedure, HSD = .46, p<.05. This data shows 
that pilots using the pilot's perspective display had response times that were significantly 
faster than either of the other two displays. However, there was no significant difference 
in mean response times between the split-screen display and the third person perspective 
display (Table 3). 
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Table 3 
Differences in Mean Response Times Between Displays 
Pilot Perspective Split-Screen Third Person 
Pilot Perspective 1.87a 1 -687a 
Split-Screen • 183b 
Third Person 
Note: Only the upper diagonal of differences between the means is shown. Values 
represent the differences in corresponding means between positions in the row and 
column of the table. Differences between the same value are left blank. Values 
representing corresponding differences that share the same subscript are significant at p < 
.05 in the Tukey honestly significant difference test. 
The apparent differences in the mean response times, when zero, one, two, three, 
and four targets were presented, were examined using the Tukey HSD post hoc 
procedure, HSD = .44, p < .05. This data shows that there was a significant increase in 
mean response time each time an additional target aircraft was added to the scenario. 
With zero targets presented mean response time was faster than with one target presented. 
With one target presented mean response time was faster than with two targets presented. 
With two targets presented mean response time was faster than with three targets 
presented. However, there was no significant difference between the mean response time 
using three or four targets, when display type was not considered as a factor. 
The mean response times for the different display types were analyzed by number 
of targets presented using the Tukey HSD. With one target presented the Tukey HSD = 
.62, p < .05. This data showed that the pilot's perspective display was significantly faster 
than the split-screen or third person perspective displays when only one target was 
presented. The split-screen and third person perspective displays were not significantly 
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different when one target was presented. With two targets presented the Tukey HSD = 
.73, p < .05. This data also showed that the pilot's perspective display was significantly 
faster than the split-screen or third person perspective displays when two targets were 
presented. The split-screen and third person perspective displays were not significantly 
different when two targets were presented. With three targets the Tukey HSD = .73, p < 
.05. Again, this data showed that the pilot's perspective display was significantly faster 
than the split-screen or third person perspective displays when three targets were 
presented. The split-screen and third person perspective displays were not significantly 
different when three targets were presented. With four targets presented the Tukey HSD = 
.78, p < .05. This data showed that the pilot's perspective display was significantly faster 
than the split-screen or third person perspective displays when three targets were 
presented. The split-screen and third person perspective displays were not significantly 
different when four targets were presented. 
Maneuvering Decision: The apparent differences in the mean error rate for the 
maneuvering decision was also examined using the Tukey HSD post hoc procedure, HSD 
= 1.21, p<.05. This data shows that when pilots used the pilot's perspective display, for 
the maneuvering decision, they had a significantly lower mean error rate than for either of 
the other two displays. However, there was no significant difference in mean error rate for 
maneuvering decisions between the split-screen display and the third person perspective 
display (Table 4). 
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Table 4 
Differences in Mean Error Rate for the Maneuvering Decision 
Pilot Perspective Split-Screen 
Pilot Perspective 2.22a 
Split-Screen 
Third Person 
Note: Only the upper diagonal of differences between the means is shown. Values 
represent the differences in corresponding means between positions in the row and 
column of the table. Differences between the same value are left blank. Values 
representing corresponding differences that share the same subscript are significant at p < 
.05 in the Tukey honestly significant difference test. 
The mean error rate for the maneuvering decision was also analyzed for the 
separate affect of the number of targets presented in a scenario. Only scenarios containing 
four target aircraft were significantly different for the mean error rate of the maneuvering 
decision. The apparent differences for the four target scenarios were examined using the 
Tukey HSD post hoc procedure, HSD = 3.24, p < .05. This shows that the pilot's 
perspective display had significantly fewer errors than the split-screen or third person 
perspective display, for the maneuvering decision, when four targets were presented. 
There was no significant difference between the split-screen and third person perspective 
displays. 
The mean error rate for the number of targets presented within a particular display 
type was analyzed. There was no significant difference between one and four targets 
presented when the pilot's perspective display or the split-screen display was used. The 
third person perspective display did have a significant difference those differences were 
analyzed using the Tukey HSD post hoc procedure, HSD = 4.53, p < .05. The analysis 
showed that there was no difference between the number of errors with one, two, or three 
Third Person 
1.83a 
.39b 
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targets presented. However, the error rate when one or two targets are presented is 
significantly different than when four targets are presented. The difference between 
presenting three or four targets was not significantly different for mean error rate. 
Locating Task: The apparent differences for the mean error rate of the locating 
task was also examined using the Tukey HSD post hoc procedure, HSD = 2.28, p < .05. 
For the locating task there was no significant difference in the mean error rate between 
the pilot's perspective display and the split-screen display. However, the third person 
perspective display showed a significantly higher mean error rate than both of the other 
displays (Table 5). 
Table 5 
Differences in Mean Error Rate for the Locating Task 
Pilot Perspective Split-Screen 
Pilot Perspective .17b 
Split-Screen 
Third Person 
Note: Only the upper diagonal of differences between the means is shown. Values 
represent the differences in corresponding means between positions in the row and 
column of the table. Differences between the same value are left blank. Values 
representing corresponding differences that share the same subscript are significant at p < 
.05 in the Tukey honestly significant difference test. 
The mean error rate for the locating task was examined for the separate affect of 
the number of targets presented in a scenario. The apparent differences for the one target 
scenarios were examined using the Tukey HSD post hoc procedure, HSD = 3.12, p < .05. 
The analysis showed that the pilot's perspective display had a significantly lower mean 
error rate than the third person perspective display. The split-screen display, however, 
Third Person 
4.17a 
4.0a 
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was not significantly different than either of the other displays. The apparent differences 
for the two target displays were also examined using the Tukey HSD post hoc procedure, 
HSD = 3.32, p < .05. With two targets presented the pilot's perspective and the split-
screen display both had significantly lower mean error rates for the locating task. The 
three target scenarios were not significantly different and therefore were not examined. 
The four target scenarios were examined using the Tukey HSD post hoc procedure, HSD 
= 2.93, p < .05. The four-target scenario analysis showed that the pilot's perspective and 
the split-screen displays had significantly lower mean error rates than the third person 
perspective display. 
Age Correlation 
Due to the randomness of the pilot selection process it turned out that there was a 
relatively wide age group of test subjects for this study. Due to this fact there is a question 
of the effects of age on the pilot's performance. To test for such an effect, a Pearson 
correlation and regression analysis was conducted. The comparison points were age vs. 
MRT, age vs. maneuvering decision, age vs. locating task, and age vs. too much time 
(time-out) (Appendix L). For each comparison the mean numbers for a specific age were 
combined and a mean was taken for that age. There was fourteen different ages tested, so 
twelve degrees of freedom (n 2) was used for the analysis. The null hypothesis (p = 0), 
which assumes no relationship, was rejected when r > .532 or r < -.532 (p<.05). 
In the first comparison of age vs. MRT r = +.264, r2 = .07. Since r was less than 
the critical value of .532 then we can say there was no correlation between age and mean 
response time. In fact, only seven percent of the variations in mean response times may be 
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contributed to a linear relationship with age. When age was compared with the 
maneuvering decision r = +.432, r2= .18. Again, there appeared to be no correlation 
between age and maneuvering decisions, as was required by this study. Only eighteen 
percent of the variation, in incorrect maneuvering decisions, may be contributed to a 
linear relationship with age. Next we compared age and locating task errors, r = +.560, r 
= .31. Since r is larger than the critical value it appears that there may be some correlation 
between age and the locating task that was performed in this study. However, the results 
of the analysis showed that only 31 percent of the variability, in mean locating task errors, 
were due to a linear relationship with age. Finally, age was compared to the mean number 
of scenarios that took too much time to click the mouse (i.e., stop time for the scenario), r 
= +.130, r2 = .02. It appears that there was no correlation between age and the number of 
times that the subject took too much time to click the mouse (thus stopping time). In fact, 
only two percent of the variability in the mean number of times it took subjects too much 
time to click the mouse may be contributed to a linear relationship with age. From these 
results it appears that age was not a factor in the results. The results may be different 
when performed with a larger number of subjects and a strong variety of ages. However, 
these figures appear to suggest otherwise. 
CHAPTER 4 
CONCLUSION 
The results of the study support the first hypothesis that the mean response time 
would be faster for the pilot's perspective display. The response times were compared as 
a total mean response time and also as mean response time per number of targets 
presented (Appendix H). As expected the results followed the Hick-Hyman law which 
states that, "choice reaction time is a linear function of stimulus information" (Sanders 
and McCormick, 1993). That is, as the number of target aircraft (possibilities) increase 
the mean reaction time increases. However, when the response times were compared 
across displays, the pilot's perspective display consistently yielded significantly lower 
mean response times than the other two displays (Appendix J). 
The data also support the second hypothesis, which suggested that the pilot's 
perspective display would yield a lower mean error rate for the maneuvering decision. 
These results suggested that the reaction times and maneuvering decision ability were 
directly influenced by display type. In this case, the pilot's perspective display yielded 
significantly lower mean error rate than the split-screen and third person perspective 
displays. 
The third hypothesis, which stated that the mean error rate would remain 
consistent for the locating task, was not supported by the data. The pilot's perspective 
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display and the split-screen display showed no significant difference, which was 
consistent with the hypothesis. However, the third-person perspective display showed a 
significantly higher mean error rate. This could possibly be attributed to the placement of 
a three-dimensional figure on a two-dimensional display. The presentation of this display 
on a two-dimensional display subjected the pilots to perceptual reversals. This could 
result in a situation, for example, where a target that was on the pilot's left would appear 
to be on his right. Another possibility would be that it was more difficult to locate exactly 
which aircraft was the most serious threat. It is possible that without the aid of color and 
or shadowing/highlighting this display makes it significantly more difficult to locate the 
most serious threat. If this is the case, then the hypothesis, which assumes that, the ability 
to accurately locate the most serious threat is a function of the display concept rather than 
the display type, is false. 
The pilot's perspective display was not free from fault however. When analyzed 
for negative trends it was found that on scenario 9.3 there was a problem with the locating 
task that needs to be addressed. In the scenario there were three target aircraft presented. 
Two of the aircraft were displayed at two minutes into the future. One was shown to be 
above the ownship heading toward the pilot. The other was below the ownship heading 
away. The third aircraft was shown at two and one half minutes into the future, level and 
to the right of the ownship crossing perpendicular from right to left. The third aircraft was 
displayed as a collision threat. Seventeen of the eighteen pilots failed to identify the third 
aircraft as the most serious collision threat when this scenario was presented on the pilot's 
perspective display. This compares to six errors using the split-screen display and only 
four errors using the third person perspective display. 
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One possible explanation for the consistent errors in the locating task is the 
placement of the third aircraft and the length of the collision vector line. When aircraft 
are presented on the pilot's perspective display the aircraft that are the furthest away (in 
time to conflict) are displayed small and near the center of the display. The collision 
vector line, which distinguishes an aircraft as a collision threat, is drawn from the center 
of the display to the threat aircraft. In this particular scenario the threat aircraft was very 
close to the center of the display which, in turn, made the collision vector line very short. 
In addition to being short, the line was running very close to the horizon line since the 
aircraft was level and to the right of the ownship. It is possible that the collision vector 
line appeared to be part of the horizon line or part of the aircraft when viewed quickly due 
to the time constraints associated with the testing conditions. If this were the case we 
could assume that the incorrect answers would focus on the two aircraft that were shown 
to be a threat at the two-minute mark. Further analysis did show that the incorrect 
answers appeared to be split between the remaining two aircraft (with only one 
exception). It is possible that the use of color, either for the line, the aircraft, or both, 
could help the collision aircraft stand out better to prevent a similar oversight in the 
future. Another possibility would be to have the aircraft symbol flash on and off to 
distinguish it from the other aircraft. 
CHAPTER 5 
RECOMMENDATIONS 
Overall, the pilot's perspective display appeared to be more intuitive, faster, and 
easier to use than the other displays. This may be contributed to the unique perspective 
displayed to the pilots. When faced with an extreme situation, such as multiple conflicts 
and fast time constraints, the pilot did not need to interpret a new viewing angle from the 
display, or internally process several pieces of information to determine his current 
situation. With the pilot's perspective display the pilot could get a clear picture of a 
virtual tunnel of future time, in which he was about to fly. 
It is recommended that further development of the pilot's perspective display be 
pursued. It is also recommended that the future space-time predictor concept be used for 
any future presentations of this display. Some areas of concern that still may need to be 
further developed or studied are: 
1). The addition of color, possibly to distinguish between different categories of 
aircraft or to identify serious threats (i.e., collision threats or threats inside 30 
seconds). 
2). The introduction of audible warnings to draw the pilots attention to new targets 
on the display or increasing threats. 
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3). The display shows a four-dimensional area (including the fourth dimension of 
time) but as of right now has no ground proximity warnings. This may be of 
concern when making evasive maneuvers in the descending direction or when 
maneuvering during take off or approach. 
4). Interaction with air traffic control and other aircraft (that may or may not 
appear on the display) is still a primary concern that must be considered prior 
to implementation of this system. 
When introducing change into one of the displays the researcher should take into account 
the effect that the change may have on the other displays that were tested. In other words, 
if an addition is made to one of the displays it is best to go back and add the changes to 
the other displays previously tested so that a valid comparison can be made for the 
proposed improvement. When an improvement is made to a display (e.g. the addition of 
color) it is possible that t he improvement will also have the same effect (or better effect) 
on the displays previously tested. 
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APPENDIX A 
DEMOGRAPHICS 
Demographics 
Sub Num 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
Mean 
Median 
Min 
Max 
Age 
23 
22 
27 
28 
28 
24 
24 
26 
20 
18 
21 
22 
18 
33 
61 
36 
19 
25 
Hours 
250 
800 
2400 
260 
140 
425 
750 
176 
1556 
70 
100 
720 
140 
475 
1700 
520 
140 
55 
60 days 
30 
150 
50 
15 
4 
6 
100 
10 
15 
5 
30 
160 
3 
0 
0 
0 
20 
2 
26.39 
24 
18 
61 
593.17 
342.5 
55 
2400 
33.33 
12.5 
0 
160 
APPENDK B 
PROGRAM SCRIPT 
Program Script 
Stack Script 
11/29/98 6 08 AM HyperTalk Script of stack Zip 100 Test A 
on openstack 
global subNum, disord 
go to card ID 2844 
put "Disp A" into bg fid "cardNumber" 
repeat 
ask "Please enter your subject order number" 
put it into subNum 
ask "Is this your 1st, 2nd, or 3rd display?" & return & "(Type 1, 2, or 3)" 
put it into disord 
ask "You are subject number " & subNum & " and this is display test number " -> 
& disord & " " & return & "Is this information correct7 {Type Y/N) M 
if it is "y" 
then exit repeat 
end repeat 
open file "dataA' 
write return & return & "Display A" & return & "Test Order " & disord & return -» 
Sc "Subject Number H & subNum & return to file "dataA" at eof 
close file "dataA" 
doMenu "Compact Stack" 
show bg picture 
end openStack 
"Test A" Button 
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11/29/98 6:18 AM HyperTalk Script of card id 17976 = "Test A" 
on openCard 
hide cd fid "dec" 
hide cd fid Mt3M 
hide cd fid "dir" 
hide cd fid "t6" 
put "Disp A" into fid "cardNumber" 
end openCard 
"Random" Button 
11/29/98 6:10 AM HyperTalk Script of card button id 9 "Random" 
on mouseUp 
hide background picture 
wait 15 sec 
beep 4 
wait 1 sec 
sort marked cards numeric by random (30) 
end mouseup 
"Start" Button 
11/29/98 6-10 AM HyperTalk Script of bkgnd button id 1 = 
on mouseUp 
global tiger4, tiger5, tiger6, dec, dir, cardNum, dataA, 
hide background picture 
hide card picture 
put empty into cd fid Mt3" 
put empty into cd fid "dir" 
put empty into cd fid "t6" 
put empty into bg fid "threat" 
put empty into field "cardNumber" 
wait random of 10 + 10 sec 
beep 4 
wait 1 sec 
go to next card 
end mouseUp 
Script for Card "7.3" 
on openCard 
global tiger4, tiger5, tiger6, dec, dir, cardNum, count, threat 
hide bg fid "threat' 
Mde cd fid "t3" 
hide cd fid "dir' 
hide cd fid "t6M 
doMenu "Compact Stack' 
show background picture 
show card picture 
put the name of this card into cardNum 
put cardNum into fid "cardNumber" 
put the ticks into tiger4 — set start time for dir 
repeat for 5 times — move targets 
choose select tool 
drag from 37,131 to 177,172 with commandKey 
doMenu select 
drag from 124,158 to 123,158 
choose select tool 
drag from 85,73 to 197,125 with commandKey 
doMenu select 
drag from 156,115 to 155,114 
choose select tool 
drag from 148,171 to 208,210 with commandKey 
doMenu select 
drag from 183,184 to 182,185 
choose browse tool 
put 1 into count 
repeat 
if the mouseClick then 
put the ticks into tiger5 
hide cd picture 
hide bg picture 
exit repeat 
end if 
add 1 to count 
if count contains 28000 then exit repeat 
end repeat 
put " H into count 
end repeat 
set numberFormat to 000" 
put (tiger5 tiger4)/60 into tiger6 
put tiger6 into cd fid Ht6' 
ask "Please enter the direction corresponding to the initial maneuver 
if it is "1' then 
put "1-incorrect' into dir 
else 
if it is 2 then 
put '2" into dir 
else 
if it is 3 then 
put "3" into dir 
else 
if it is 4 then 
put "4-incorrect" into dir 
else 
^ if it is 5 then 
_ put 5-incorrect" into dir 
else 
xf xt ^s 6 then 
put "6" into dir 
— box targetl 
-- set pointer 
— box target2 
— set pointer 
— box target3 
— set pointer 
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else 
if it is 7 then 
put "7-incorrect" into dir 
else 
if it is 8 then 
put "8-mcorrect" into dir 
else 
if it is 9 then 
put "9" into dir 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
put dir into cd fid "dir" 
ask "Please enter the direction you would look (out the window) to locate the-» 
aircraft that poses the most serious threat." 
if it is "1" then 
put "1-mcorrect" into threat 
else 
if it is 2 then 
put "2-incorrect" into threat 
else 
if it is 3 then 
put '3-mcorrect" into threat 
else 
if it is 4 then 
put "4-incorrect" into threat 
else 
if it is 5 then 
put "5-incorrect" into threat 
else 
if it is 6 then 
put "6-incorrect" into threat 
else 
if it is 7 then 
put "7" into threat 
else 
if it is 8 then 
put "8-incorrect" into threat 
else 
if it is 9 then 
put "9-incorrect" into threat 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
put threat into bg fid "threat" 
set lockScreen to true 
open file "dataA" 
write return & cardNum « ', ' «. d.r & ' , " L tigerS &", " & threat to file "c 
close file "dataA" 
show cd picture 
choose select tool 
drag from 37,131 to 177,172 with commandKey 
doMenu select 
drag from 119,158 to 124,158 
choose select tool 
drag from 85,73 to 197,125 with commandKey — box target2 
doMenu select 
drag from 151,110 to 156,115 
choose select tool 
drag from 148,171 to 208,210 with commandKey 
doMenu select 
drag from 178,189 to 183,184 
choose browse tool 
hide cd picture 
end openCard 
return target to start point 
— box targetl 
— set pointer 
— set pointer 
— box target3 
set pointer 
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Script for Card "3.3" (Training Scenario) 
on openCard 
global dec, dir, cardNum, count, threat 
doMenu "Compact Stack" 
show background picture 
show card picture 
put the name of this card into cardNum 
put cardNum into fid "cardNumber" 
repeat for 5 times — move targets 
choose select tool 
drag from 142,93 to 200,134 with commandKey — box targetl 
doMenu select 
drag from 170,113 to 169,112 — set pointer 
choose select tool 
drag from 243,85 to 327,142 with commandKey — box target2 
doMenu select 
drag from 286,114 to 287,113 — set pointer 
choose select tool 
drag from 50,190 to 215,280 with commandKey — box target3 
doMenu select 
drag from 148,237 to 147,238 — set pointer 
choose browse tool 
put 1 into count 
repeat 
if the mouseClick then 
hide cd picture 
hide bg picture 
exit repeat 
end if 
add 1 to count 
if count contains 28000 then exit repeat — aprox 2 seconds 
end repeat 
put " " into count 
end repeat 
ask "Please enter the direction corresponding to the initial maneuver required. 
if it is "1" then 
put "1-incorrect" into dir 
else 
if it is 2 then 
put "2" into dir 
else 
if it is 3 then 
put "3" into dir 
else 
if it is 4 then 
put "4" into dir 
else 
if it is 5 then 
put "5-incorrect" into dir 
else 
if it is 6 then 
put "6" into dir 
else 
if it is 7 then 
put "7-incorrect" into dir 
else 
if it is 8 then 
put "8" into dir 
else 
if it is 9 then 
put "9-incorrect" into dir 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
put dir into cd fid "dir" 
ask "Please enter the direction you would look (out the window) to locate the 
aircraft that poses the most serious threat." 
if it is "1" then 
put "1" into threat 
else 
if it is 2 then 
put "2-incorrect" into threat 
else 
if it is 3 then 
put "3-incorrect" into threat 
else 
if it is 4 then 
put "4-incorrect" into threat 
else 
if it is 5 then 
put "5-incorrect" into threat 
else 
if it is 6 then 
put "6-incorrect" into threat 
else 
if it is 7 then 
put "7-incorrect" into threat 
else 
if it is 8 then 
put "8-incorrect" into threat 
else 
if it is 9 then 
put "9-incorrect" into threat 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
end if 
put threat into bg fid "threat" 
show bg picture 
show cd picture 
choose select tool — return target to start point 
drag from 142,93 to 200,134 with commandKey -- box targetl 
doMenu select 
drag from 165,108 to 170,113 — set pointer 
choose select tool 
drag from 243,85 to 327,142 with commandKey -- box target2 
doMenu select 
drag from 291,109 to 286,114 — set pointer 
choose select tool 
drag from 50,190 to 215,280 with commandKey — box target3 
doMenu select 
drag from 143,242 to 148,237 -- set pointer 
choose browse tool 
end openCard 
Actual Screen Displays 
Pilot's Perspective Display 
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Disp A 
c Home D 
( Random j 
c Start } 
Pilot's Perspective Display With Targets 
card "T4.3 
( Start ) 
Split Screen Display 
Disp B 
2min 
3min 
2min 
3min 
( Home ) 
Random 
( Start ) 
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Split Screen Display With Targets 
card "4.3" 
( Start ) 
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Third Person Perspective Display 
Disp C 
( Home ) 
C Random ) 
( Start ) 
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Third Person Perspective Display With Targets 
card "4.3" 
( Start ) 
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Aircraft Positions for 
Display Scenarios 
Key 
A = Same altitude 
Awy = Aircraft heading away (Traveling in the same direction) 
Asc = Ascending 
C = Center (Directly in front of ownship) 
Col = Collision threat 
Dec = Descending 
H = High 
HO = Head-on 
L = Low 
LT = Left 
RT = Right 
T = Turning 
XL = Crossing from right to left (perpendicular to ownship) 
XR = Crossing from left to right (perpendicular to ownship) 
1-12 = Indicates position relative to clock position (vertical; looking forward from 
ownship). 
More than one line in a block indicates more than one aircraft at that location. The 
location of one aircraft will occupy only one line. 
1 Test Set 
1 
Training 
Range 
[ (min.) 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
Total Number of Targets on Screen | 
1 
A-LT-T-RT 
2 
H-HO-DEC-COL 
L-RT-T-LT 
3 
RT-T-LT 
DEC-HO-COL 
L-RT-HO 
4 1 
H-RT 
L-LT 
H-LT 
H-RT 
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2 
Training 
3 
Training 
4 
Training 
5 
6 
7 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
3 
2-1/2 
2 
1-1/2 
C-T-LT 
H-LT-XR 
C-HO-T-RT 
H-HO-DEC 
C-HO-COL 
A-RT-XL 
L-C-ASC 
H-LT-HO 
L-RT-COL 
9-LT-HO 
3-RT-AWY 
LT-9-HO 
RT-3-AWY 
L-RT-T-LT 
H-C-T-LT 
H-RT-T-LT 
L-C-ASC 
C-AWY 
LT-XR-COL 
H-LT-T-LT 
H-RT-T-RT 
L-LT-DEC 
• 
H-LT-HO 
H-LT-HO 
L-RT-ASC-COL 
AWY-C -COL 
L-ASC-5-HO 
L-LT-T-RT 
LT-HO 
L-C-HO-ASC-COL 
H-C-HO 
8-HO 
10-DEC-XR-COL 
H-LT-XR 
L-LT-XR 
C-HO-COL 
L-RT-ASC 
H-LT-XR 
A-RT-XL 
L-C-ASC-COL 
L-LT-AWY 
A-RT-XL 
H-RT-XL 
H-C-DEC-COL 
L-LT-HO 
H-C-HO 
L-RT-XL 
H-LT-DEC 
A-LT-T-RT-COL 
H-C-HO 
A-RT-AWY 
L-C-AWY 
C-AWY-COL 
2-XL 
9-HO 
8-HO 
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8 
9 
10 
1 
1/2 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
3 
2-1/2 
2 
1-1/2 
1 
1/2 
H-LT-T-RT 
3-XL-COL 
L-RT-ASC 
L-C-ASC-
COL 
C-T-RT-COL 
A-C-HO-COL 
L-LT-XR 
H-LT-HO-COL 
H-RT-HO 
A-RT-AWY 
L-AWY-ASC-COL 
9-HO 
2-H-XL 
12-H-HO 
3-A-XL-COL 
3-A-XL-COL 
12-H-HO 
6-L-AWY 
L-RT-HO 
H-RT-HO 
L-LT-T-RT-COL 
L-C-ASC-COL 
A-C-HO-COL 
2-H-XL 
L-RT-T-LT 
L-LT-ASC-AWY 
A-RT-XL 
A-LT-XR-COL 
H-LT-HO 
L-RT-T-LT 
H-LT-T-RT 
H-RT-HO 
H-LT-HO 
L-LT-T-RT 
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Testing Scenarios 
Aircraft in these scenarios are either on a direct collision course with you, or are on a 
course to enter into your protected airspace, under current FAA guidelines. The positions 
displayed are positions the target aircraft are projected to be in at the time of the projected 
conflict. All headings and "clock" positions are assumed to be relative to your aircraft 
heading. 
Your task is to assess the location of the target aircraft relative to your position at the time 
of conflict. Heading, relative altitude, and time to conflict / collision are given. Determine 
all possible safe and not safe maneuvers for each scenario (the object is to avoid conflict). 
Then mark, on the work sheet, the direction(s) that will not result in avoidance of the 
projected conflict (i.e., the direction that you cannot maneuver your aircraft to). All 
spaces left blank will indicate possible "legal" maneuvers by a pilot to avoid conflict in 
that particular scenario. 
5.1 
Head-on Descending 
30 seconds to conflict 
5.2 
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180 deg 
9-o'clock pos. 
1 minute to conflict 
Same heading 
3-o'clock pos. 
1 minute to conflict 
5.3 
Turning right 
1 minute to conflict 
Same heading 
2 minutes to collision 
Ascending 
Heading 180 deg 
5-o'clock pos. 
1 minute to conflict 
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5.4 
Heading 180 deg 
Descending 
2 minutes to conflict 
Turning right 
1 minute to collision 
Heading 180 deg 
3 minutes to conflict 
Crossing from right to left 
2-1/2 minutes to conflict 
6.1 
Head-on 
3 minutes to collision 
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6.2 
Turning left 
1 minute to conflict 
Turning left 
2 minutes to conflict 
6.3 
Heading 180 deg 
3 minutes to conflict 
Heading 180 deg 
1 minute to conflict 
Head-on 
Ascending 
2 minutes to collision 
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6.4 
Heading 180 deg 
2 minutes to conflict 
Same heading 
30 seconds to collision 
Same heading 
30 seconds to conflict 
Same heading 
1 minute to conflict 
7.1 
Turning right 
1 minute to conflict 
7.2 
Turning right 
1 minute to collision 
Turning left 
2 minutes to conflict 
7.3 
Crossing from left to right 
10-o'clock pos. 
Descending 
1-1/2 minutes to collision 
Heading 180 deg 
9-o'clock pos. 
1 minute to conflict 
Heading 180 deg 
8-o'clock pos. 
2-1/2 minutes to conflict 
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7.4 
Heading 180 deg 
2 minutes to conflict 
Heading 180 deg 
8-o'clock pos. 
1-1/2 minutes to conflict 
Ascending 
1 minute to collision 
Crossing from right to left 
2-o'clock pos. 
3 minutes to conflict 
8.1 
Crossing from right to left 
1-1/2 minutes to collision 
8.2 
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Crossing from left to right 
1 minute to conflict 
Head-on 
2 minutes to collision 
8.3 
Heading 180 deg 
1 minute to conflict 
Crossing from right to left 
2-o'clockpos. 
1 minute to conflict 
Crossing from right to left 
30 seconds to collision 
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8.4 
Same heading 
Ascending 
30 seconds to conflict 
Head-on 
2 minutes to collision 
Crossing from right to left 
2-o'clockpos. 
1 minute to conflict 
Turning left 
1 minute to conflict 
9.1 
Ascending 
2 minutes to conflict 
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9.2 
Head-on 
2-1/2 minutes to collision 
Heading 180 deg 
1 minute to conflict 
9.3 
Heading 180 deg 
2 minutes to conflict 
Same heading 
2 minutes to conflict 
Crossing from right to left 
2-1/2 minutes to collision 
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9.4 
Heading 180 deg 
1-1/2 minutes to conflict 
Crossing from left to right 
2 minutes to collision 
Crossing from right to left 
2 minutes to conflict 
Turning left 
1 minute to conflict 
10.1 
Ascending 
2-1/2 minutes to collision 
10.2 
92 
Same heading 
Ascending 
30 seconds to collision 
Same heading 
1 minute to conflict 
10.3 
Turning right 
1 minute to collision 
Heading 180 deg 
2-1/2 minutes to conflict 
Heading 180 deg 
3 minutes to conflict 
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10.4 
Turning right 
2-1/2 minutes to conflict 
Heading 180 deg 
1 minutes to conflict 
Turning right 
30 seconds to conflict 
Heading 180 deg 
2 minutes to conflict 
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Scenario Maneuvering Options Worksheet 
Please place a mark in the blocks that you feel correspond with the areas of airspace in 
which a maneuver cannot be made. Mark all blocks that apply. 
The numbers across the top represent numbers from a standard 3X3 numeric keypad, as 
illustrated. 
7 
4 
1 
8 
5 
2 
9 
6 
3 
The numbers 7,8,9 represent upward (ascending) maneuvers. 
The numbers 4,5,6 represent a level maneuver of left turn, straight ahead, and right turn 
respectively. 
The numbers 1,2,3 represent downward (descending) maneuvers. 
Scenario 
5.1 
5.2 
5.3 
5.4 
6.1 
6.2 
6.3 
6.4 
7.1 
1 
1 
1 
2 
1 
1 
2 
1 
2 
1 
1 
2 
2 
1 
2 
3 
2 
3 
1 
2 
2 
1 
1 
1 
2 
4 
1 
3 
1 
3 
1 
1 
2 
1 
2 
5 
3 
3 
3 
3 
3 
3 
3 
3 
3 
6 
1 
3 
3 
1 
1 
1 
1 
3 
7 
1 
2 
1 
2 
3 
2 
8 
2 
2 
1 
2 
2 
3 
3 
9 
1 
1 
1 
1 
7.2 
j 7.3 
7.4 
8.1 
8.2 
8.3 
8.4 
9.1 
9.2 
9.3 
9.4 
10.1 
10.2 
10.3 
10.4 
1 
2 
2 
2 
2 
1 
1 
1 
1 
3 
3 
2 
1 
2 
1 
2 
1 
3 
1 
3 
2 
3 
3 
2 
2 
1 
1 
2 
3 
1 
3 
1 
1 
3 
1 
3 
2 
2 
1 
2 
1 
2 
3 
1 
1 
1 
1 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
1 
1 
3 
1 
2 
1 
2 
1 
3 
3 
1 
3 
2 
1 
1 
2 
2 
1 
3 
3 
1 
3 
3 
2 
2 
2 
1 
1 
3 
2 
2 
2 
1 
1 
1 
2 
3 
1 
1 
2 
3 
3 
1 
2 
3 
Your name will be kept anonymous, but can you please provide some basic demographic 
information. This information is not required. However, it will be helpful for showing 
source validity for the answers you have provided. 
Total flight hours were: 900, 6000+, and 17500 
Current FAA ratings included: Commercial, Instructor, and ATP 
Thank you for taking the time to help. 
* NOTE: The numbers in the answer blocks represent the combined total number of 
answers for that direction in that scenario. 
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98 
Negative Responses to 
Test Scenarios 
Information is numbered to correspond with the test set and total number of targets on 
screen (* *). The numbers in parenthesis coincide with an incorrect keyboard entry for the 
direction of the required maneuver. All answers presented are incorrect responses. 
Training 
1.0 Any direction except straight (1,2,3,4,6,7,8,9) 
1.1 Left, straight, right (4,5,6) 
1.2 Descend left, descend, descend right, straight, ascend (1,2,3,5,8) 
1.3 Descend right, straight, right, ascend (3,5,6,8) 
1.4 Descend left, left, straight, ascend left, ascend, ascend right (1,4,5,7,8,9) 
2.0 Any direction except straight (1,2,3,4,6,7,8,9) 
2.1 Left, straight (4,5) 
2.2 Descend, left, straight, right (2,4,5,6) 
2.3 Descend, left, straight, right (2,4,5,6) 
2.4 Descend left, descend, descend right, straight, right, ascend left, ascend 
(1,2,3,5,6,7,8) 
3.0 Any direction except straight (1,2,3,4,6,7,8,9) 
3.1 Straight, ascend left, ascend, ascend right (5,7,8,9) 
3.2 Descend right, straight, ascend left (3,5,7) 
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3.3 Descend left, straight, ascend left (1,5,7) 
3.4 Descend left, descend, straight, right, ascend left, ascend (1,2,5,6,7,8) 
4.0 Any direction except straight (1,2,3,4,6,7,8,9) 
4.1 Straight, right (5,6) 
4.2 Left, straight, right (4,5,6) 
4.3 Descend right, straight, ascend left (3,5,7) 
4.4 Descend left, left, straight, right, ascend left, ascend, ascend right (1,4,5,6,7,8,9) 
Testing 
5.0 Any direction except straight (1,2,3,4,6,7,8,9) 
5.1 Straight ascend (5,8) 
5.2 Left, straight, right (4,5,6) 
5.3 Descend, descend right, straight, right (2,3,5,6) 
5.4 Descend left, descend, descend right, left, straight, ascend left, ascend 
(1,2,3,4,5,7,8) 
6.0 Any direction except straight (1,2,3,4,6,7,8,9) 
6.1 Straight (5) 
6.2 Descend, straight, ascend left, ascend (2,5,7,8) 
6.3 Descend left, descend, left, straight, ascend left, ascend (1,2,4,5,7,8) 
6.4 Descend, descend right, straight, right, ascend (2,3,5,6,8) 
7.0 Any direction except straight (1,2,3,4,6,7,8,9) 
7.1 Left, straight, ascend left, ascend (4,5,7,8) 
7.2 Descend, straight, ascend, ascend right (2,5,8,9) 
3 Descend left, left, straight, ascend left, ascend (1,4,5,7,8) 
Descend left, descend, left, straight, ascend left, ascend (1,2,4,5,7,8) 
Any direction except straight (1,2,3,4,6,7,8,9) 
Left, straight, right (4,5,6) 
Descend left, descend, straight (1,2,5) 
Straight, right, ascend left, ascend, ascend right (5,6,7,8,9) 
Descend left, descend, descend right, left, straight, ascend, ascend right 
(1,2,3,4,5,8,9) 
Any direction except straight (1,2,3,4,6,7,8,9) 
Descend right, straight, right (3,5,6) 
Straight, ascend left, ascend, ascend right (5,7,8,9) 
Descend, left, straight, right, ascend (2,4,5,6,8) 
Descend, descend right, left, straight, right, ascend left (2,3,4,5,6,7) 
Any direction except straight (1,2,3,4,6,7,8,9) 
Descend, straight (2,5) 
Descend, straight, right (2,5,6) 
Descend left, descend, descend right, straight, right, ascend right (1,2,3,5,6,9) 
Descend left, descend, straight, ascend left, ascend, ascend right (1,2,5,7,8,9) 
APPENDIX G 
VERBAL INSTRUCTIONS 
101 
Pseudo Three-Dimensional 
Predictor Display Comparison 
Verbal Instructions 
In this study you will be determining avoidance maneuvers for three different 
types of collision avoidance displays. Prior to the start of each scenario you will perform 
the task of flying the aircraft simulator on a predetermined course. The flight program 
uses Microsoft Flight Simulator 98©. The aircraft you will be flying is a Cessna 182 with 
fixed gear and a fixed propeller. You will be expected to maintain your heading and 
altitude in accordance with the current FAA standardized practical test standards. 
Heading should not deviate more than 20 degrees and altitude should not deviate more 
than 200 feet. 
Once flying at altitude you will be prompted by four beeps, just prior to the start 
of each scenario. When you hear the beeps you should place your hand on the Macintosh 
mouse. Upon the start of each scenario you must make two decisions. First you must 
determine which direction you need to maneuver to avoid a conflict (or collision), if any. 
Next, you must determine which direction you would look, out the window, to locate the 
aircraft that poses the most serious threat to your aircraft. In each scenario you will 
assume that the target aircraft will not deviate from their present course. Also, any 
maneuver taken by yourself will not place you into conflict with any new aircraft, which 
are not currently displayed. You will only deal with the aircraft presented on the display. 
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You will have approximately ten seconds to make this decision. Click the mouse 
button when you have made both of your decisions. Once you have clicked the mouse 
button the display and the target aircraft will disappear. You will not see them again, so 
make sure that you have made your decision prior to clicking the mouse button. You will 
then be prompted to enter the direction of the initial maneuver required. Do this by 
pressing one of the nine directional keys on the keyboard provided for you. Directions 
corresponding with the keypad arrows will be explained to you (the researcher will now 
demonstrate this). After you answer the maneuvering question you will be prompted to 
enter the direction that you would look (out the window) to locate the target aircraft that 
poses the most serious threat to your own aircraft. Remember, both, time and accuracy are 
equally important for this study. 
Concept: As I mentioned before, this is a comparison of predictor displays for 
collision avoidance. The display concept being used to present the traffic information to 
you is different from the presentation of the traditional displays that you are used to 
seeing in today's aircraft. The concept has been kept consistent for all three displays that 
will be presented to you. The key points are as follows: 
1). If another aircraft will not be in conflict with your ownship, for the purposes of 
collision avoidance, you do not "care" about that aircraft. Therefore, only 
potential conflict aircraft are presented on the display. 
2). It is important to distinguish the severity of the conflict. Therefore, a dashed 
vector line, connecting them to the ownship, will distinguish aircraft that are a 
collision threat. 
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3). Aircraft that are expected to impede minimum airspace required for 
separation, but do not pose the threat of a collision, are just depicted as an 
aircraft. 
4). All events presented are presented as predictions of what will happen in future 
time, if no deviations are made by the ownship or target aircraft from their 
present course. 
5). Target aircraft are shown with their altitude, attitude and heading relative to 
the ownship. 
6). All calculations of relative position, altitude, heading, speed (to 
include closure rates), intent, and time to conflict are m a d e by 
the computer prior to being presented to the pilot; therefore, 
they do not need to be presented to the pilot (i.e. there will be 
no da ta tags). 
Pilot's Perspective Display (Display A): 
This display uses an inside out point-of-view. Your center of travel is in the center 
of the display. The perspective is as if you are flying through a tunnel. Unlike traditional 
displays that have aircraft moving toward the center of the display, in this display you will 
find that the aircraft tend to move toward the outer rings as they get closer to you. That is 
because the smallest circle (in the center) is the furthest away (3 minutes). As objects and 
time get closer to the ownship the circles and aircraft images get larger. This provides a 
"virtual" looming sensation of movement through time. The line through the center is a 
horizon-line for relative altitude reference. If a target aircraft is directly in front of the 
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ownship the target aircraft will be presented in the center, above the horizon line of 
the display, and the target aircraft will be "boxed" to distinguish it from an aircraft that is 
high and in the center of the display. 
Split-Screen Display (Display B): 
This display is a split screen display. It has a gods-eye view on the top half of the 
screen with a reference line for projected flight path. The lower half of the screen is a side 
view and provides a horizon reference line. The display also shows an outline of the 
conflict zone (cone-of-conflict). This screen requires increased mental integration to 
derive at spatial positioning of conflict aircraft. You must look at both the upper and 
lower views to arrive at a relative location for the target aircraft. 
Third Person Perspective Display (Display C): 
This display is presented using a third person perspective. It presents the view 
from a 45 degree angle to the side and aft of the ownship. It uses one line for vertical and 
horizontal reference. It also has a cone-of-conflict displayed for reference. In addition, it 
uses spatial planes for location reference points at the time markers. When the aircraft are 
passing through the spatial planes their locations are referenced by the center of the 
aircraft. When the aircraft are in-between the time markers they have a reference line 
(solid line) connecting them to the nearest spatial plane aft of the aircraft. The spatial 
location is marked with an "X" on the spatial plane. 
APPENDIX H 
POST TESTING SURVEY 
SUMMARY 
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Free Flight CDTI Study 
Post-Test Survey 
1). Which display design did you like best? 
A) Pilot's perspective (Display A) —16 Subjects chose this display 
B) Split-screen (Display B) - 1 Subject chose this display 
C) Third-person perspective (Display C) ~ 1 Subject chose this display 
2). What did you like about this display? 
Pilot's perspective display 
• Easiest to read 
• Easier to visualize where the conflicting aircraft are coming from and where to go to 
resolve. 
• It was most simple to understand 
• For me it was clearer to understand in the least amount of time. 
• Did not have to think where the other airplanes were in relation to me. Had a clear 
understanding and made a choice fast. 
• Seemed more user friendly 
• It felt like the simplest one to understand 
• I'm looking straight ahead in relation to other aircraft that are either oncoming or 
flying away. 
• It is in the pilot's perspective, which is very easy to translate to an imaginary 
visualization outside the cockpit window. Also, there was only one display, not two 
that could be confused. 
• Easy to make a fast decision, when it comes to direction. 
• No clutter 
• More representative of pilots view and normal references. 
• Position of traffic with respect to my point of view. 
• It was very easy to know where to go. 
• Very clear and easy to understand. 
Split-screen display 
• It gave a better view of traffic to see and avoid 
Third-person perspective display 
• I got a good perspective on when and where the threat airplanes would be. 
3). Is there something that you did not like about any, of the displays? 
Pilot's perspective display 
• Targets head-on (boxed) not always immediately apparent. 
• Could have been better with color. 
• Boxed aircraft was this displays only drawback. 
Split-screen display 
• Had too much confusion. It was easy to become disoriented as to whether the target 
was high or left. 
• Did not like the split-screen, I think it can mix things up real easy. 
• Too much thinking involved. 
• Easy to make mistakes. 
• Too time consuming. 
• Too much information to digest to make an accurate decision. 
• Easy to confuse which azimuth you are looking at. 
• Hard to see when there was a lot of airplanes. 
• It was distracting having to look in two places. 
Third-person perspective display 
• It was difficult to quickly make a decision and react. 
• I had a hard time understanding where the airplane was in the cone. 
• Took more mental concentration. 
• Was kind of messy. 
• Generally hard to interpret. 
• Targets appear to move left as they get closer. 
• Aircraft close together make it indistinguishable. 
• Difficult due to the small screen compared to the hazards. 
• Needs depth and shadowing. 
Very confusing for me. It created optical illusions when left and right references 
would switch (i.e., point of reference would change from an away angle to a near 
angle). 
The position of the targets could not be estimated because the size of the target 
aircraft was too large. 
Do you feel that any one display allowed you to make decisions faster? If so, why do 
you think it helped? 
Pilot's perspective display 
Easy to interpret situation. 
Simplicity 
Less clutter 
Easier to visualize the situation. 
Because it is shown from the pilot's perspective. 
Logical 
Seemed more intuitive and readily translated to a 3-dimensional perspective. 
Gave me a way out from the danger area in less time. 
Gave a more realistic view of the outside of the aircraft. 
Split-screen display 
Better perspective if I want to scan the situation area. 
Third-person perspective display 
Easy to interpret situation. 
Do you feel the future-time concept was more helpful, in any way, than traditional 
presentation methods (i.e., real-time)? If so, why? 
It is confusing sometimes. 
Yes 
110 
• It enables you to make a move before anything happens. 
• Allows some planning time. 
• More solution time 
NOTE: All answers are paraphrased. Like answers were omitted or combined into one 
answer. 
APPENDIX I 
MATRIX OF INCORRECT RESPONSES 
Incorrect Responses 1=Rrst question 
Display A 2=Second question 
3=Both questions 
4=Too much time 
Scenario 
5 
51 
52 
5 3 
5 4 
6 
61 
62 
63 
64 
7 
71 
7 2 
7 3 
7 4 
8 
81 
82 
8 3 
8 4 
9 
91 
92 
93 
9 4 
10 
101 
102 
103 
104 
Total 
Subject 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
9 
2 
1 
2 
2 
2 
2 
2 
2 
7 
3 
1 
1 
2 
2 
2 
2 
2 
2 
3 
2 
10 
4 
1 
2 
2 
2 
2 
1 
6 
5 
2 
2 
2 
2 
2 
2 
6 
6 
1 
1 
1 
3 
4 
7 
2 
2 
2 
2 
1 
2 
2 
2 
2 
2 
10 
8 
2 
1 
2 
2 
1 
3 
9 
2 
2 
2 
1 
1 
2 
2 
6| 7 
10 
2 
1 
1 
2 
1 
5 
11 
1 
1 
2 
3 
4 
12 
1 
2 
1 
3 
2 
5 
13 
2 
2 
2 
2 
2 
2 
2 
7 
14 
1 
3 
2 
15 
2 
2 
2 
2 
3 
1 
3 
7 
16 
4 
2 
2 
2 
1 
1 
2 
3 
2 
9 
17 
2 
3 
1 
2 
2 
5 
18 
1 
1 
3 
2 
4 
Total 
1 
1 
2 
11 
8 
0 
0 
7 
7 
5 
0 
1 
4 
6 
12 
0 
0 
3 
1 
7 
0 
0 
6 
17 
8 
0 
1 
3 
1 
1 
113 
Mean 
0 06 
0 06 
011 
0 61 
044 
0 
0 
0 39 
0 39 
0 28 
0 
0 06 
0 22 
0 33 
0 67 
0 
0 
017 
0 06 
0 39 
0 
0 
0 33 
0 94 
0 44 
0 
0 06 
0 17 
0 06 
0 06 
6 28 
T1 
0 
0 
0 
7 
4 
0 
0 
0 
1 
0 
0 
1 
2 
0 
9 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
T2 
0 
1 
2 
4 
4 
0 
0 
7 
6 
5 
0 
0 
1 
6 
2 
0 
0 
3 
1 
5 
0 
0 
6 
8 
8 
0 
1 
3 
0 
1 
T3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
9 
0 
0 
0 
0 
0 
0 
T4 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
I 
to 
Incorrect Responses 1 =First question 
Display B 2=Second question 
3=Both questions 
4=Too much time 
Scenario 
5 
5.1 
5.2 
5.3 
5.4 
6 
6.1 
6.2 
6.3 
6.4 
7 
7.1 
7.2 
7.3 
7.4 
8 
8.1 
8.2 
8.3 
8.4 
9 
9.1 
9.2 
9.3 
9.4 
10 
10.1 
10.2 
10.3 
10.4 
Total 
Subject 
1 
1 
1 
2 
3 
1 
1 
4 
4 
1 
1 
10 
2 
1 
2 
1 
2 
1 
4 
6 
3 
1 
4 
4 
1 
4 
1 
1 
2 
4 
3 
4 
11 
4 
2 
4 
2 
1 
2 
1 
1 
4 
3 
2 
10 
5 
4 
2 
1 
2 
2 
1 
3 
2 
3 
1 
2 
3 
12 
6 
3 
3 
4 
1 
2 
1 
2 
2 
3 
3 
10 
7 
1 
1 
2 
1 
4 
2 
3 
2 
8 
8 
3 
1 
2 
2 
1 
3 
2 
3 
4 
1 
2 
11 
9 
4 
3 
2 
3 
3 
2 
3 
2 
3 
2 
4 
4 
2 
3 
4 
15 
10 
1 
2 
1 
2 
1 
5 
11 
4 
3 
2 
2 
2 
1 
1 
3 
2 
9 
12 
2 
4 
2 
2 
1 
4 
1 
2 
8 
13 
4 
1 
2 
2 
2 
1 
4 
1 
8 
14 
4 
2 
1 
1 
4 
2 
2 
4 
4 
4 
4 
11 
15 
1 
3 
2 
3 
1 
2 
2 
1 
2 
2 
2 
2 
2 
2 
3 
4 
16 
16 
1 
2 
4 
1 
4 
2 
3 
4 
4 
4 
10 
17 
2 
4 
3 
1 
4 
3 
1 
4 
2 
2 
4 
4 
12 
18 
4 
1 
2 
2 
1 
4 
4 
1 
8 
Total 
0 
1 
5 
5 
15 
0 
0 
14 
11 
6 
1 
2 
5 
4 
13 
0 
9 
3 
9 
14 
0 
1 
0 
15 
13 
0 
2 
4 
13 
15 
180 
Mean 
0 
0.06 
0.28 
0.28 
0.83 
0 
0 
0.78 
0.61 
0.33 
0.06 
0.11 
0.28 
0.22 
0.72 
0 
0.5 
0.17 
0.5 
0.78 
0 
0.06 
0 
0.83 
0.72 
0 
0.11 
0.22 
0.72 
0.83 
10.00 
T1 
0 
0 
1 
2 
5 
0 
0 
2 
5 
1 
1 
1 
1 
0 
6 
0 
4 
0 
3 
8 
0 
0 
0 
3 
0 
0 
0 
0 
4 
2 
T2 
0 
0 
2 
2 
0 
0 
0 
9 
2 
3 
0 
0 
3 
3 
5 
0 
3 
3 
4 
2 
0 
1 
0 
4 
5 
0 
1 
4 
0 
4 
T3 
0 
0 
0 
1 
3 
0 
0 
3 
3 
0 
0 
1 
1 
0 
0 
0 
2 
0 
1 
2 
0 
0 
0 
2 
2 
0 
0 
0 
5 
2 
T4 
0 
1 
2 
0 
7 
0 
0 
0 
1 
2 
0 
0 
0 
1 
2 
0 
0 
0 
1 
2 
0 
0 
0 
6 
6 
0 
1 
0 
4 
7 
Incorrect Responses 1=First question 
Display C 2=Second question 
3=Both questions 
4=Too much time 
Scenario 
5 
5.1 
5.2 
5.3 
5.4 
6 
6.1 
6.2 
6.3 
6.4 
7 
7.1 
7.2 
7.3 
7.4 
8 
8.1 
8.2 
8.3 
8.4 
9 
9.1 
9.2 
9.3 
9.4 
10 
10.1 
10.2 
10.3 
10.4 
Total 
Subject 
1 
1 
2 
2 
1 
2 
2 
2 
2 
2 
9 
2 
2 
1 
2 
2 
2 
4 
1 
2 
8 
3 
1 
2 
1 
3 
1 
2 
2 
1 
3 
1 
10 
4 
2 
2 
2 
3 
2 
3 
2 
1 
3 
9 
5 
2 
1 
3 
2 
2 
2 
3 
3 
2 
3 
2 
2 
2 
2 
2 
15 
6 
4 
3 
2 
2 
1 
2 
1 
1 
4 
2 
2 
3 
12 
7 
2 
2 
2 
3 
3 
3 
2 
1 
1 
9 
8 
2 
4 
3 
2 
2 
1 
3 
3 
2 
2 
1 
2 
12 
9 
2 
2 
1 
2 
2 
2 
2 
2 
2 
3 
2 
2 
1 
2 
2 
15 
10 
2 
2 
2 
2 
2 
2 
2 
1 
8 
11 
2 
2 
1 
3 
2 
1 
1 
2 
2 
9 
12 
2 
2 
2 
2 
1 
1 
1 
2 
1 
9 
13 
3 
2 
2 
2 
2 
2 
2 
4 
2 
2 
2 
4 
2 
13 
14 
2 
2 
2 
2 
2 
4 
2 
2 
2 
2 
1 
2 
3 
13 
15 
2 
1 
3 
2 
2 
1 
3 
2 
4 
2 
2 
2 
3 
2 
3 
2 
3 
17 
16 
3 
2 
2 
2 
4 
4 
3 
4 
2 
2 
2 
11 
17 
3 
2 
2 
3 
2 
2 
1 
2 
2 
1 
10 
18 
2 
2 
2 
1 
2 
2 
3 
2 
2 
4 
3 
3 
2 
1 
2 
2 
1 
1 
2 
1 
20 
Total 
0 
1 
6 
7 
10 
0 
6 
12 
11 
12 
0 
5 
10 
14 
18 
0 
2 
5 
3 
15 
0 
3 
9 
12 
14 
0 
6 
6 
13 
9 
209 
Mean 
0 
0.06 
0.33 
0.39 
0.56 
0 
0.33 
0.67 
0.61 
0.67 
0 
0.28 
0.56 
0.78 
1 
0 
0.11 
0.28 
0.17 
0.83 
0 
0.17 
0.5 
0.67 
0.78 
0 
0.33 
0.33 
0.72 
0.5 
11.61 
T1 
0 
0 
1 
1 
4 
0 
0 
0 
0 
3 
0 
0 
1 
0 
5 
0 
1 
0 
0 
5 
0 
0 
0 
8 
1 
0 
0 
0 
5 
3 
T2 
0 
1 
5 
5 
1 
0 
6 
11 
9 
7 
0 
4 
8 
8 
5 
0 
0 
4 
3 
5 
0 
3 
9 
2 
9 
0 
6 
5 
6 
4 
T3 
0 
0 
0 
0 
4 
0 
0 
1 
2 
1 
0 
1 
1 
2 
7 
0 
1 
1 
0 
3 
0 
0 
0 
2 
3 
0 
0 
1 
1 
2 
T4 
0 
0 
0 
1 
1 
0 
0 
0 
0 
1 
0 
0 
0 
4 
1 
0 
0 
0 
0 
2 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
, 
4^ 
APPENDIX J 
MEAN RESPONSE TIMES 
Mean Response Times 
116 
Subject Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
[ 10 
11 
12 
13 
14 
15 
16 
17 
18 
Disp A 
2.644 
4.047 
2.244 
2.148 
3.401 
3.272 
3.328 
4.289 
4.102 
2.383 
3.147 
1.832 
6.037 
4.094 
4.54 
2.431 
2.401 
3.171 
Disp B 
4.527 
4.896 
5.092 
4.073 
3.435 
5.432 
5.355 
4.856 
6.574 
4.587 
4.84 
4.514 
6.457 
6.478 
5.662 
5.422 
5.531 
5.43 
DispC 
4.688 
4.714 
4.737 
3.249 
4.588 
5.739 
5.041 
5.563 
5.3 
4.856 
4.288 
4.089 
6.004 
6.165 
5.478 
4.592 
4.568 
6.214 
tst order 
abc 
bca 
cab 
acb 
bac 
cba 
abc 
cab 
bca 
acb 
bac 
cba 
abc 
bca 
cab 
acb 
bac 
cba 
Total MRT 3.306 5.176 4.993 
6.000 
5.000 
w 4.000 
c 
o 
gj 3.000 
j | 2.000 
1.000 
0.000 
Mean Response Times 
Pilot's Perspective Split-Screen 3rd Person 
Displays 
3.306 
5.176 4.993 
APPENDIX K 
MEAN ERROR RATE 
Number Missed 
Subject Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
Pilot's Perspective 
Quest 1 
0 
1 
3 
2 
0 
4 
1 
3 
2 
3 
3 
3 
0 
2 
3 
3 
2 
3 
Quest 2 
9 
6 
8 
4 
6 
1 
9 
4 
5 
2 
2 
3 
7 
1 
6 
6 
4 
2 
Time-Out 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
Split-Screen 
Quest 1 
7 
3 
5 
4 
6 
6 
5 
6 
6 
3 
4 
2 
3 
2 
6 
3 
4 
3 
Quest 2 
2 
2 
2 
5 
8 
7 
3 
8 
11 
2 
6 
4 
3 
3 
12 
3 
5 
2 
Time-Out 
2 
1 
5 
2 
1 
1 
1 
1 
4 
0 
1 
2 
2 
6 
1 
5 
5 
3 
Third Person 
Quest 1 
2 
2 
7 
4 
5 
5 
5 
5 
3 
1 
4 
4 
1 
2 
7 
2 
4 
8 
Quest 2 
7 
5 
5 
8 
14 
7 
7 
10 
13 
7 
6 
5 
11 
11 
14 
8 
8 
14 
Time-
Out 
0 
1 
0 
0 
0 
2 
0 
1 
0 
0 
0 
0 
2 
1 
1 
3 
0 
1 
Tst Order 
abc 
bca 
cab 
acb 
bac 
cba 
abc 
cab 
bca 
acb 
bac 
cba 
abc 
bca 
cab 
acb 
bac 
cba 
Mean # Incorrect 2.11 4.72 0.06 4.33 4.89 2.39 3.94 8.89 0.67 
0 0 
PP SS 3P PP SS 3P PP SS 3P 
Maneuvering Dec Locating Task Time-out 
VO 
APPENDIX L 
AGE CORRELATION 
120 
Age vs MRT 
PEARSON CORRELATION and REGRESSION 
r (12) = +0.264, p = 0.364 
THE MEAN X = 27.35714 
S = 10.54654 
THE MEAN Y = 4.543 
S = .612098 
Std Err Estimate = 0.638 
r sqr = .07 
THE REGRESSION LINE FORMULA: 
Y score 
c * * * 
18 
X score 
1.534216E-02(X) + 4.123282 
61 
Age vs Maneuvering Decision Errors 
PEARSON CORRELATION and REGRESSION 
r (12) = +0.423, p = 0.129 
THE MEAN X = 27.35714 
S = 10.54654 
THE MEAN Y = 3.5 
S = 1.025434 
Std Err Estimate = 1.003 
r sqr = .18 
THE REGRESSION LINE FORMULA: 
Y score 
X score 
Y' = 4.116326E-02(X) + 2.373891 
61 
Age vs Locating Task Errors 
PEARSON CORRELATION and REGRESSION 
r (12) = +0.560, p = 0.036 11 
THE MEAN X = 27.35714 
S = 10.54654 
THE MEAN Y = 6.310714 
S = 1.809469 
Std Err Estimate = 1.620 
r sqr = .31 
Y score 
18 
X score 
THE REGRESSION LINE FORMULA: Y' = 9.602176E-02(X) + 3.683833 
61 
Age vs Time-out 
PEARSON CORRELATION and REGRESSION 
r (12) = +0.130, p = 0.660 
THE MEAN X = 27.35714 
S = 10.54654 
THE MEAN Y = 1.202857 
S = .7397242 
Std Err Estimate = 0.792 
r sqr = .02 
THE REGRESSION LINE FORMULA: 
Y score 
18 
X score 
Y' = 9.128941E-03(X) + .9531154 
61 
